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Electrochemical disinfection of E. coli and E. faecalis in ballast water (BW) was 
studied. Electrochemical disinfection reactor was designed and fabricated. Operating 
parameters were optimized and the reactor was successfully tested in laboratory and 
pilot scales. Disinfection kinetics was modeled. Rare metal oxide coated electrode was 
developed, characterized, and successfully incorporated in generation of oxidants. 
Mechanisms of electrochemical disinfection under various conditions were studied.  
An electrochemical disinfector was developed and optimized for the purpose of 
BW disinfection. The reactor dimensions were carefully selected such that the flow 
condition inside the reactor was closer to a plug flow. Ti mesh electrodes were 
employed in the reactor. It was found that E. coli can be treated (to reach the 
International Maritime Organization’s (IMO) regulation) within a hydraulic retention 
time (HRT) of 30 second and the corresponding energy input was as low as 0.004 
kWh/m3 of BW. Total residual chlorine concentration was as low as 1 mg/L. 
Disinfection of E. faecalis showed that the extension of contact time was needed. The 
electrochemically treated BW was stored in the ballast tank with a total residual 
chlorine concentration of 2 – 3 mg/L in order to disinfect E. faecalis to IMO regulated 
value. The required contact time was about 2 h. The residual chlorine concentration 
dropped to 1.5 mg/L after 24 h. These laboratory scale findings were further confirmed 
in pilot scale reactor system with a treatment capacity of 12m3/h.  
 x
Kinetics of disinfection of E. coli and E. faecalis were modeled based on the mass 
balance concept. Factors such as major disinfection mechanism and effect of chlorine 
decay were incorporated in the modeling. Different initial populations of bacteria were 
investigated. It was found that the time to achieve IMO regulation varied with the 
initial bacterial population. For example, at initial E. coli concentrations of 107 
CFU/100ml and 106 CFU/100ml, HRT required for complete removal of bacteria were 
120 s and 60 s, respectively. Hence, the kinetic constants were varied according to the 
initial concentration of bacteria in the solution. Variations in chlorine demand for 
different levels of bacteria concentration was identified as the possible reason for the 
above finding.  
Electrodes, especially anodes, are of crucial importance at the point of real 
application. A rare metal oxide was coated on Ti mesh to produce an electrode (anode) 
which was capable of generating chlorine with high current efficiency and good 
stability. Sol-gel procedure was used in the preparation of electrode. The electrode 
prepared with sols aged for 18 h was found to be the best electrode in terms of chlorine 
production and stability. Although the electrode prepared using sols aged for 24 h 
showed the highest electro-active area, it produced less chlorine than the electrode 
prepared with sols aged for 18 h. Electrode prepared with sols aged for 24 h found to 
be more prone to corrosion and this may have caused some chlorine demand and thus 
the measured chlorine concentration was lower. The prepared electrode showed a good 
stability in seawater electrolysis and was tested successfully in disinfection operation.  
 xi
The rare metal oxide coated Ti mesh and the Ti mesh used in the bench scale (and 
pilot scale) reactor were studied for their disinfection behaviors under different 
conditions. Two electrodes did not show a remarkable difference in seawater 
electrolyte in terms of disinfection efficiency, except that the energy consumption was 
low at the metal oxide coated Ti mesh provided that the similar geometrical area was 
used. However, if the electro-active surface area was considered, the metal oxide 
coated Ti mesh electrode outperformed the uncoated Ti mesh. When Na3PO4 was used 
as the electrolyte, the metal oxide coated Ti mesh electrode showed significantly high 
disinfection efficiency compared to the Ti mesh. It was found that amount of OH• 
radical produced at the metal oxide coated Ti mesh was higher than that of Ti mesh 
electrode. Moreover, a study was conducted at different salt electrolytes and was found 
that the disinfection mechanism varied according to the electrolyte salt in use.               
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Survival of the ocean environment is obligatory for the existence of life on earth. 
However, anthropogenic activities create intimidating conditions in the ocean 
environment. Among such activities, shipping is predominant and known to create 
threats to the ocean environment. Considering these facts, the International Maritime 
Organization (IMO) has been introducing several regulations to be practiced by the 
ships. “International Convention for the Control and Management of Ships BW and 
Sediments” is one such important regulation, which will be come into force by 2012. 
Regulations on “ballast water” (BW) is one such important regulation. Under the 
abovementioned convention, standards are introduced for the maximum allowable 
levels of living organisms in discharging BW to avoid the possible ecological, 
economical and health impacts. Introducing novel technologies to treat BW in such a 
way that the IMO regulations are satisfied is challenging. 
This chapter provides a brief introduction on BW and its effects on ocean 
environment, technology development, and objectives and scope of the current study. 
Chapter 2 will elaborate more on the issues related to BW treatment, including detailed 
reviews on biological invasions, regulations, treatment technologies, and the 




1.1. Ballast water and the ocean environment  
 Once cargo is discharged from a ship, maintaining the stability and the structural 
reliability during the voyage is essential in order to ensure the safety of the ship and the 
crew. To facilitate the above requirements, ships use BW during the voyage. After 
discharging cargo at the source port, BW is taken in (ballasting) and ship travels from 
source port to the destination port. At the destination port, once cargo is loaded, BW is 
discharged from the ship (deballasting). Although there is a possibility of using solid 
materials (e.g. sand, rock) as ballast, seawater is in use due to the convenience in 
ballasting and deballasting operations (Carlton, 1985). It is worth noting that almost 
two thirds of the world merchandise are claimed to be carried by ships (Endresen et al., 
2004). According to Carlton et al. (1993), the amount of BW carried in ships can be as 
high as 10 billion tons per year, while Rose (2005) estimated that it can be in the range 
of 3 to 12 billion tons of BW per year. Thus, it is clear that the amount of BW carried 
throughout the globe is extensive.    
Process of ballasting and deballasting has been recognized as a threat to the coastal 
environment due to the introduction of invasive organisms via BW and coastal sediment 
which is pumped in with BW. A wide variety of organisms, including bacteria and other 
microbes, eggs, cysts, and larvae of various species are among the marine species in 
BW and sediment (Hallegraeff et al., 1991; Ruiz et al., 2000 a; Occhipinti-Ambrogi and 
Savini, 2003). It was estimated that at least 7000 organisms can be found in BW tanks 
around the globe (Rose, 2005). Although lack of light and nutrients, and changes in 
temperature in ballast tank create an unwelcoming environment marine species such as 
dinoflagellate cysts can still survive in those unfavorable conditions. If such species 
survived the journey and introduced to a foreign environment, they can become “pests” 
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or “invaders” to the new environment. The summary of this invasion process is 
schematically represented in Figure1.1.  
Newly established species can be harmful to human health (e.g., Vibrio cholerae) 
and become a threat to the bio-diversity of marine environment. As such, the process of 
biological invasion through BW creates significantly negative environmental, 
economical and health impacts (Flagella et al., 2007). IMO has identified exotic species 
as one of the four greatest threats to the world’s oceans, which shows the severity of the 
issue. 















          
 
Organisms introduce & establish 






Figure 1.1: Invasion pathway of living organisms through the process of BW transport 
  
IMO has introduced a regulation considering both human health factors and 
invasion risks. A more detailed explanation of the invasions related to BW and the IMO 
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regulations are available under Chapter 2.  
          
1.2. Technologies been researched     
The BW management technology practicing widely so far is the ballast water 
exchange (BWE) at mid ocean. In the process of BWE, first, BW is collected from the 
coastal are (or from fresh water intake). Then, the collected water is removed at mid 
ocean and deep ocean seawater is collected as BW. This can be done through different 
methods (please see Chapter 2 for more explanation). Then, the collected mid-ocean or 
deep sea BW is dumped at the end of the voyage to the port area before loading the 
cargo. It is hypothesized that the organisms which are in the deep seawater will not be 
easily acclimatized to the coastal seawater (or fresh water). Besides, the organisms in 
coastal seawater (or fresh water) may not be able to survive in the low-nutrient 
environment of deep seawater (Resolution MEPC. 50 (31), 1991). However, the 
efficiency of BWE process in removing living organisms is questionable (McCollin et 
al., 2007; Taylor et al., 2007). Moreover, the BWE is not safe enough to the ship 
structure and to the crew (http://web.mit.edu/seagrant). Therefore, the need for a safe, 
efficient and cost effective alternative treatment technology is increasing. 
BW heating technology is one of the frequently studied technologies for BW 
treatment. In this technology, it is proposed to use the waste heat from engine (Rigby et 
al., 1999; Thornton et al., 2004). BW heating using waste heat from ship’s engine is a 
cost effective technology. However, this technology may not be suitable for vessels 
which do not produce enough heat (Ballast water News, IMO, 2003). Other than 
heating, ultraviolet irradiation combined with pretreatment (Nilsen et al., 2001), 
ozonation (Herwig et al., 2006), and chemical biocides (Gregg et al., 2007) are some of 
 4
the technologies which have been researched for BW treatment. The abovementioned 
technologies have limitations such as reactivation of inactivated organisms, high cost, 
need for chemical storage, toxicity, and limited efficiency in disinfection. 
Electrochemical disinfection technologies have been studied and found to be 
effective in killing a wide variety of organisms in municipal and industrial wastewater 
(Stoner et al., 1982; Patermarakis et al., 1990; Sarkka et al., 2008). In the process of 
electrochemical disinfection, inactivation of living organisms can be due to chlorination 
(Stoner et al., 1982), lethal oxidants such as free radicals (Patermarakis et al., 1990) or 
electric shock (Matsunaga et al., 2000). In this technology, solution to be disinfected is 
passed through a reactor equipped with electrodes while applying direct or alternative 
current to the electrodes (Stoner et al., 1982; Li et al., 2004). It has found that direct 
current (DC) is more effective compared to the alternative current (AC) (Patermarakis 
et al., 1990). In saline wastewater, electrochemical disinfection technology becomes 
more reliable with lower energy consumption (Li et al., 2002).  
Forcible advantages of electrochemical disinfection over the other researched 
technologies are listed in Table 1.1.  
Therefore, it is speculated that the electrochemical disinfection can be effectively 
incorporated to the purpose of BW treatment. Electrolysis of seawater has proposed by 
Dang et al. (2003) for the BW treatment. However, comprehensive studies to fulfill the 
IMO regulation for living organisms in discharging BW and information on 




Table 1.1: Comparison of electrochemical technology with previously researched 
technologies 
 




results in lower efficiency 
Total flow can be treated 
Sediment-bound organisms 
cannot be treated 
Residual disinfectants are 
able to reach 
sediment-bound organisms 
Ballast water exchange 
Unsafe during rough sea 
conditions 
No limitations based on 
external factors 
Ballast water heating Efficiency is limited 
according to the amount of 
heat generated  
Amount of disinfectants 
can be controlled easily 
Reactivation of organisms Residual disinfectants are 
available and no 
reactivation is expected 
UV irradiation 
High foot-print Low foot-print is expected 
Chemical biocides 
(including ozonation and 
chlorination) 
Storage of chemicals (e.g. 
10% NaOCl) may unsafe to 
the crew 







1.3. Objectives and scopes        
Specific research gaps of the current study of BW treatment using electrochemical 
technology are as follows. 
z Although the problem of invasive species through BW has been 
recognized for past two decades, successful technologies to treat BW are limited. 
z Electrochemical disinfection is not well-studied in seawater electrolyte in 
a way such that the energy requirement and consumption of electrodes are 
minimized. 
z Lack of studies to understand the mechanism of electrochemical 
disinfection. 
The main aim of this study was to seek an effective, safe, and economical 
technology which can be used in BW treatment. Hence, this research is intended to 
investigate the ability of utilizing the electrochemical disinfection technology in BW 
treatment. More specifically, this thesis is aimed to accomplish the following specific 
objectives.              
z To design and fabricate an electrochemical disinfection reactor 
considering the plug-flow reactor concept. 
z To optimize the reactor parameters for disinfection of target 
microorganisms in laboratory scale based on statistical design of experiments, and 
to verify the performance in a pilot scale reactor. 
z To study the disinfection kinetics in the proposed reactor system by 
developing suitable models based on the concept of mass balance. 
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z To prepare an electrode able to produce effective amount of disinfectants 
at lower energy consumption as well to withstand the electrolysis operation for 
considerable amount of time. 
z To study the mechanism of electrochemical disinfection using the 
developed electrode through detailed laboratory experiments. 
It is believed that this thesis should contribute to the maritime industry at large by 
helping to solve the issues related to the non-native species transfer through 
ballasting/deballasting operation of ships. Moreover, the developed system can be used 
in disinfection of water and wastewater, if the water/wastewater to be disinfected 
contains enough salinity. The process optimization, kinetics and pilot scale studies may 
lay the path to scale-up the system to prototype and use in the ships with various BW 
volumes. Development of electrode should strengthen the possibilities of actual 
application due to the reduction of energy consumption and increment in lifespan. 
Mechanism study and the development of electrode may contribute to the 
understanding of electrochemical disinfection. 
This thesis focuses on the design of electrochemical disinfection reactor and its 
performance in disinfecting two major organisms; Escherichia coli (E. coli) and 
Enterococcus faecalis (E. faecalis), which are regulated by the International Maritime 
Organization (IMO). IMO requires technology developers to study the behavior of each 
regulated organisms in proposed technology. Although there are three more organisms 
which are regulated by the IMO (please refer to Table 2.2), disinfection of those 
organisms is beyond the scope of this study, due to safety and detection-related issues. 
In addition, most of the size specific organisms (which are in the range of 10µm - 50µm 
or more) can be removed using pre-treatment systems (e.g. filtration). Further, the 
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reactor parameters are optimized and pilot scale studies are carried out in order to verify 
the laboratory studies. Kinetics of disinfection of two organisms is modeled. Electrode 
development is conducted targeting the effective production of chlorine as the major 
disinfectant, as well as the long lifespan of electrode. Production of other disinfectants 
such as radicals is not considered during the electrode development due to the fact that 
the main electrolyte is rich in chloride ion. The produced electrode is used in 
























This chapter reviews the problem of biological invasion through BW, regulations 
imposed, BW treatment technologies those have been researched, and the 
electrochemical disinfection technology.  
 
2.1.  Biological invasion  
2.1.1.  Invasion through ballast water and sediment 
Awareness over the issue of biological invasions due to various vectors increased 
during the last few decades, while reported invasion episodes dramatically increased 
over the last couple of centuries. BW is one of the major suspects as a vector of 
introduction (Ruiz et al., 2000a; Hallegraeff, 2007).  
Zebra mussel (Dreissena polymorpha) is a well known invasive species which is 
believed to transfer through BW (http://www.imo.org; Wilhelm et al., 2006). Zebra 
mussel is native to the Eastern Europe and it has been introduced and established in the 
Great Lakes. The invasion is not only affecting the ecology, but also the economy of the 
North America. Zebra mussels clogged the pipelines of utilities such as power stations 
and plant shutdowns were reported (News, Marine Pollution Bulletin, 1993).  It was 
estimated that the cost to controlling zebra mussel in Great Lakes during the period of 
1989-1994 was as high as $120 million (Ambros, 1996).  
Dinoflagellates are microscopic algae. Most of the times, they exist as single cells. 
Toxic dinoflagellates can produce “paralytic selfish poisons” and can subsequently 
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cause health problems (Hallegraeff and Bolch, 1991; Hallegraeff, 1998). Toxic 
dinoflagellates are found to spread to new environments. One of the suspected routes of 
spread is through BW discharge. The following discussion shows evidences of transfer 
of dinoflagellates with ship’s BW and sediments.   
Over 200 ballast tanks of cargo vessels entering various ports of Australia were 
inspected during the period from 1987 to 1989 (Hallegraeff and Bolch, 1991). The 
sediment samples from the ballast tanks were analyzed for dinoflagellates. It was found 
that 31 out of examined 83 samples carried non-toxic dinoflagellates.  Moreover, it 
was observed that one ballast tank carried over 300 million Alexandrium cysts. The 
frequent transfer of BW with high concentration of species and large volume can make 
the environment under “propagule pressure”.  This may enhance the chances of 
invasion. Although it is difficult to define the exact extent of establishment, it is clear 
that the BW can be one of the major causes of invasive species transportation. 
The toxic dinoflagellates introduction by BW and subsequent establishment in 
Australian waters was studied by Hallegraeff (1998). Although the unfavorable 
conditions in the ballast tank may kill the organisms, there is a possibility to survive if 
they are buried in ballast tank sediments. Following the discharge, favorable conditions 
at the port may help the dinoflagellates to germinate and establish. Established 
organisms can be further transferred due to coastal current or domestic shipping 
activities.  
Hamer et al. (2000) studied the marine environment in the ports of England and 
Wales, which had the ships with “dedicated ballast tanks”. A ship which underwent dry 
docking 2 years early was selected. It was observed that sediment accumulation was as 
high as 30 cm in depth. Dinoflagellate cysts, diatom resting spores, tintinnid cysts, and 
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copepod eggs were found in sampling. Moreover, the concentration and the diversity of 
species varied from tank to tank in the same ship. Thus, it can be said that a wide variety 
of organisms are possible to transfer with BW and sediment and the variation between 
tanks and ships creates the issue more complicated.  
In another study, sediment samples were collected from both ballast tanks and port 
areas in Finland (Pertola et al., 2006). Germinated dinoflagellates were found in 90% of 
the samples collected from the ballast tanks and the ports. Peridinum quinquecorne, a 
dinoflagellate which was not found in the Baltic Sea prior to this study, was found 
among the germinated dinoflagellate species. Diatoms, chlorophytes, dinophytes, 
cyanophytes and small flagellates were common in both ballast tank and port sediments. 
As such, it is clear that sediments carry living organisms from place-to-place. On one 
hand, if the ballast tank sediments are re-suspended and mixed with BW, those 
organisms may enter the destination port environment at the point of discharge. On the 
other hand, at the point of intake, if port sediments are mixed and entered the ballast 
tanks, invasion of unwanted marine species to the next destination is possible. 
There are number of studies reported in literature focusing zoo- and phytoplankton 
transfer through BW and sediments. Gollasch et al. (2000) studied zooplankton and 
phytoplankton populations during a voyage of a ship from Singapore via Sri Lanka to 
Germany. Two ballast tanks were filled at two different ports, from Singapore and from 
Sri Lanka. It was found that, zooplankton survival was very low during the journey. 
Number of zooplanktons reduced from about 700 cells/100L to below 50 cells/100L 
within 5 days from the ballasting operation at Singapore. However, harpacticoid 
copepod Tisbe graciloides, a zooplankton found in the ballast tank filled from Sri Lanka, 
increased from 0.1 cells/L to 10.4 cells/L at the latter part of the journey. The BW tank 
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may act as an “incubator” for certain types of species.  
An accelerated increment in bio-invasions was observed in the San-Francisco 
estuary. Organisms transfer with ships was recorded as one of the possible factors that 
may affect this type of accelerated increment in bio-invasions (Cohen and Carlton, 
1998). In order to investigate the BW mediated biological invasions, zooplankton in 
BW was investigated from 18 container ships and 48 bulk carriers entering the estuary. 
Copepods were the most abundant zooplankton. Interestingly, the same source region 
showed a similar composition of living organisms. Besides, zooplanktons such as 
Pseudodiaptomus forbesi, Oithona davisae and Pseudodiaptomus marinus, which were 
previously identified as invaders to the San Francisco estuary, were found in the tested 
BW tanks (Choi et al., 2005). This finding suggests that the previously reported 
invasions may have occurred through the same route; i.e. BW discharge. 
Studies related to macroalgal species transfer via BW are limited. Flagella et al. 
(2007) conducted and reported a study on macroalgal survival in BW. BW samples 
from 12 ships in two Mediterranean harbors, Naples and Salerno were analyzed. 
Fourteen different marine macroalgal strains were detected. However, as the sampling 
was not done from the bottom parts of the ballast tanks, no macroalgal fragments were 
found. Upon discharge of BW, the microscopic stages of the macroalgae may have the 
ability to germinate according to the environmental conditions. Therefore, BW can be a 
vector of introduction of invasive macroalgal species as well. 
According to the IMO, Spread of Chinese mitten crab is another well known 
invasion which was identified as a result of BW discharge. Chinese mitten crab, a 
“burrowing species” which is native to Northern Asia, was found to spread to United 
Kingdom, United States, Southern France and continental Europe (Herborg et al., 
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2003).  
Stevens et al. (2004) reported that Micropogonias undulatus (Atlantic croaker), a 
fish which is native to the east coast of the United States and northern Gulf of Mexico, 
was found in Belgium. The new arrival is suspected to be due to the BW transport. It 
was hypothesized that larval or young Atlantic croakers may have entered the ballast 
tanks at the ports of east coast of the United States and subsequently introduced during 
the deballasting operation. This species is resistant to a broad range of salinity and 
temperature fluctuations. It should be noted that, the above features of the Atlantic 
croaker can positively engaged in their survival of the journey inside ballast tanks.  
Bacteria and viruses are another type of living organisms that can be carried with 
BW. Transfer of these organisms may pose threat to the human health. For example, 
organisms such as Vibrio cholerae in BW may have a great danger to the human health 
if they are introduced to the coastal environment successfully. Nineteen cargo ships 
from ports of Mobile, Alabama and Pascagoula, Mississippi were analyzed  and five 
ships were found positive for V. cholerae O1 cells (McCarthy et al., 1994). The species 
were detected in a range of salinities varying from 12-32 ppt. Thus, the survival in 
several different environments will not be difficult for V. cholerae. This fact increase 
the health risk involved in ballasting-deballasting process.  
Ruiz et al. (2000b) reported that 93 % of the arriving ships they investigated at the 
Chesapeake Bay contained both V. cholerae O1 and O139. Both BW and plankton 
samples were tested for V. cholerae. Abundance of V. cholerae in BW was 100 times 
higher than that of the plankton samples. Moreover, average concentrations of total 
bacteria and virus-like particles were 8.3×108 and 7.4×109 per liter, respectively. Drake 
et al. (2007) studied the water quality in the lower Chesapeake Bay area considering 69 
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vessels. It was found that the concentration of microorganisms was highest in the BW, 
followed by sediment/residual and biofilms. 3.9×1018 bacteria cells per year and 
6.8×1019 virus-like particles per year were estimated. Factors such as high population of 
microorganisms in BW, ability to form resting stages, and resistivity to different 
environmental conditions including different salinities and temperatures act favorably 
towards the successful invasion of microorganisms. 
Table 2.1 shows some of the examples of invasive species transferred through ships’ 
BW and their effects on the invaded environment which have been identified by the 
IMO. 
Table 2.1: Examples of invasions through ballast water* 
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2.1.2.  Invasion through “No ballast on board” ships 
BW management strategies such as mid-ocean BWE are applicable to the ships 
carrying BW on-board (BOB). However, the ships entering to a port with cargo and no 
BW do not have to follow the IMO regulations. These ships are called “no ballast 
on-board ships” (NOBOB). Yet, NOBOB ships carry residuals (residual sediments and 
BW) in their ballast tanks. It was estimated that a single NOBOB ship may carry about 
50 tons of residual sediments and 10 tons of residual water (Bailey et al., 2003).  After 
the ship discharges cargo and takes in BW, the aforementioned residuals can be mixed 
with the newly taken BW. The mixture can be discharged into the same port and thus 
there is a risk of biological invasion through residuals of NOBOB.  
Holek et al. (2004) reported the identified biological invasions in the Great Lakes 
(until 1999), which were introduced after the opening of St. Lawrence Seaway in 1959, 
due to operations of both BOB and NOBOB ships. The contribution of the NOBOB 
ships on invasion was as equally important as the BOB ships. Species such as Pisidium 
supinum, Bosmina coregoni, Corbicula fluminea, Ripistes parasita, and Nitocra incerta 
were introduced through the discharge of residuals from NOBOB ships.  
In the Great Lakes, a non-cyst forming phytoplankton, Aureococcus 
anophagefferens, was detected in NOBOB residuals of 7 ballast tanks among the 18 
ballast tanks which were investigated(Doblin et al., 2004). It should be noted that this 
phytoplankton is considered as a harmful algal bloom. A wide variety of active or 
diapausing invertebrates were found in NOBOB residuals of ships arriving Chesapeake 
Bay (Duggan et al., 2006). Some of them were non-native to the Chesapeake Bay. 
Therefore, attention should also be paid towards the invasion risks pose by NOBOB 
vessels. Necessary regulations should be implemented.          
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As such, the invasion risk of BW, sediments, and residuals of NOBOB vessels is 
considerable. Research and development for effective treatment technologies to treat 
BW before discharge are needed in order to minimize the risk of bio-invasion. The rest 
of this paper discusses treatment technologies that have been researched and developed 
to treat BW.   
 
2.2.  Regulations for ballast water management  
2.2.1. Regulations adopted by the IMO 
Importance of BW treatment standards in order to develop effective treatment 
technologies was emphasized in the 2nd International Ballast Water Treatment R&D 
Symposium, London (Ballast water news 14, 2003). In February 2004, “International 
Convention for the Control and Management of Ships Ballast Water & Sediments” 
(referred as “Convention” from this point onwards) was adopted by the IMO 
(http://globallast.imo.org). The Convention will enter in to force after 12 months from 
the date of 30 countries are contracted. This figure represents 35% of the world 
shipping tonnage. According to the IMO, as at 31st of May 2009, 18 countries, 
representing 15.36% of the world merchant shipping tonnage, have already contracted 
the document.   
Under the Convention, the necessity of implementing specific BW management 
plan for individual ships (Regulation B-1) and maintaining a record book for BW 
related operations (Regulation B-2) are regulated. Treatment standards to be fulfilled by 
ships’ BW management plans or the “performance standards” are described under the 
Regulation D-2 of the Convention as summarized in Table 2.2. It can be seen that both 
human health factors and biological invasion risks are considered in the development of 
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the performance standards. These standards are to be used as a guideline for the 
development of novel BW management plans and technologies. According to the 
Regulation D-3 of the Convention, BW treatment technologies should obtain the 
approval from IMO. Basis of the approval is regulation D-2 (namely the performance 
standards). The technology developer should address each regulated organism at 
laboratory, land based, and ship board test facilities. Efficiency of disinfection of each 
organism must satisfy the standards and sufficient data has to be provided. In order to 
obtain the approval, there are two important guidelines, G-8 and G-9, to be followed 
and fulfilled by the developed BW treatment technologies, according to the nature of 
the technologies employed.  
Table 2.2: Ballast water performance standards (IMO Regulation D-2) 
Organism Standard 
Toxic Vibrio cholerae (O1 and O139) < 1 cfu/100 ml or; 
< 1 cfu/1g zooplankton samples 
 
Escherichia Coli  
 




< 100 cfu/100ml 
 
≥ 50 µm (minimum dimension of 
organism) 
 
< 10 viable organisms/1 m³ 
 
10 - 50 µm (minimum dimension of 
organism) 
 
< 10 viable organisms/ 1 ml 
 
 
Guideline G-8 is the “guidelines for approval of BW management systems”.  
Developer of BW management technology has to submit a complete set of documents 
including information related to the proposed technology. Sufficient amount of 
disinfection efficiency data should be provide for each regulated organism. In addition, 
information such as design and construction details, material and components details, 
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operational information, and limitations of the technology should be provided. 
Moreover, the possible environmental and health impacts of the novel technology have 
to be explained to the IMO. This evaluation will ensure the safety of ships and crew 
members as well as the marine environment. Both shipboard and land based tests have 
to be carried out.    
Apart from Regulation D-2 for the evaluation of success of treatment, the 
equipments of the treatment system have to be tested for the tolerance to vibration, 
temperature, and humidity. Upon successful completion of requirements set by G-8, 
new treatment systems can receive the “type approval” from the IMO (Resolution 
MEPC.125 (53), 2005).  
Guideline G-9 is the “procedure for approval of BW management systems that 
make use of active substances”.  If a proposed technology needs addition or production 
of active substances in order to kill the invasive species, the technology has to gone 
through the strict procedure explained in this guideline, in addition to the Guideline G-8. 
However, if the active substance is another living organism such as virus or fungus, 
Guideline G-9 cannot be used. For such cases, a special approval process is needed. The 
bottom-line of G-9 is to avoid risks and effects on human health, environment, and ship. 
Each substance (including free radicals) and their products have to be evaluated for 
persistency, bioaccumulation, and toxicity. Moreover, factors such as the dosage and 
method of application/production should be reported. Material safety data sheets, 
degradation rates and path of each substance and their products, under different 
environments should be provided. Apart from the details on the active substances, it is 
necessary to evaluate the discharging BW as a whole.       
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Table 2.3: Guidelines adopted by IMO Marine Environment Protection Committee 
(MEPC) on the “uniform implementation of the ballast water management convention” 
 
Guideline Description Adopted by 
G1 
 





Guidelines for ballast water sampling Finalized in 





Guidelines for ballast water management equivalent 
compliance 




Guidelines for ballast water management and 
development of ballast water management plans 
MEPC. 127 (53) 
G5 
 
Guidelines for ballast water reception facilities MEPC. 153 (55) 
G6 
 
Guidelines for ballast water exchange MEPC. 124 (53) 
G7 
 




Guidelines for approval of ballast water management 
systems 





Procedure for approval of ballast water management 
systems that make use of active substances 
MEPC. 126 (53); 
amended in 




Guidelines for approval and oversight of prototype 
ballast water treatment technology program 




Guidelines for ballast water exchange design and 
construction standards 




Guidelines on design and construction to facilitate 
sediment control on ships 




Guidelines for additional measures regarding ballast 
water management including emergency situations 




Guidelines on designation of areas for ballast water 
exchange 
MEPC. 151 (55) 
 




The procedure in G-9 consists of two steps: basic approval and final approval. For 
the basic approval, laboratory based discharge testing is required for the simulated BW 
treatment. For the final approval, toxicity analysis can be done during the land-based 
test. Substances with basic approval and type approval under G-8 can receive the final 
approval based on the toxicity data of the land-based test (Resolution MEPC. 169 (57), 
2008). Therefore, it is clear that, G-9 is important for the safety and heath related issues 
and reduces the detrimental environmental damages which may occur due to the BW 
treatment management plans.   
Besides the guidelines G-8 and G-9, the IMO has adopted a set of guidelines for the 
“uniform implementation of the BW management convention”. Summary of these 
guidelines are given in Table 2.3. 
 
2.2.1.1. Ballast water exchange  
As the effectiveness and number of approved BW treatment technologies are both 
rather limited, the IMO urges the shipping community to use the BWE process at the 
deep sea during the voyage (Resolution MEPC. 50 (31), 1991). In the process of BWE 
in the open ocean, BW collected from coastal area (or from fresh water intake) is 
exchanged with the deep-sea water in the voyage. This process is schematically 
represented in Figure 2.1.  BWE is known to be the only widely practicing technology 
in the shipping industry (http://invasions.si.edu). It is speculated that the limited number 
of organisms taken from the deep seawater will not be easily adapted to the coastal 
seawater (or fresh water). Besides, the organisms in coastal seawater (or fresh water) 
may not be able to survive in the low-nutrient environment of deep seawater 
(Resolution MEPC. 50 (31), 1991; Drake et al., 2002).  
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BWE can be sequential, flow-through or dilution (Resolution MEPC.124 (53), 
2005). In sequential BWE, BW tanks have to be emptied and refilled. When it comes to 
the flow-through method, ocean water is pumped in to the BW tanks allowing the water 
to overflow. In the dilution method, a way similar to the flow through method, seawater 
has to be pumped into the ballast tank while the water is discharged through the tank 
bottom (Resolution MEPC.124 (53), 2005; Hunt et al., 2007; Eames et al., 2008).  
The requirements to be met during the BWE process are regulated by IMO under 
the Regulation D-1 of the Convention. It is recommended for a ship to have 95% 
volume exchange. For the sequential method, empty and refill are performed in a way 
such that the above requirement is fulfilled. To achieve the 95% volume exchange in the 
flow through dilution method, under the assumption of complete mixing, pumping three 
times the volume of the ballast tank is recommended (Endresen et al., 2004; Resolution 
MEPC.124 (53), 2005). Moreover, under Regulation B-4 of the Convention, the IMO 
encourages ships to have BWE at least 200 nautical miles far from the nearest land and 
at a minimum water depth of 200 meters. If the above conditions cannot be met, ships 
can go up to 50 nautical miles from the nearest land, and the water depth cannot be 
lower than 200 meters (http://globallast.imo.org).  
There can be situations that the BWE cannot be conducted. For example, under a 
rough sea condition, conducting BWE can be extremely unsafe. Besides, the above 
distance limits may not be possible to meet in order to conduct the BWE. In such 
situations, BWE can be done at a designated safe area (http://globallast.imo.org).  
The safety of the ships undergoing BWE is important (Resolution A.868 (20) 
(1997); Resolution MEPC.124 (53) (2005)). Necessary safety precautions such as 
avoidance of extreme pressurization of ballast tanks, understanding the suitable weather 
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conditions, proper monitoring and documentation of ballasting/deballasting processes, 
and thorough inspection are recommended by the IMO in order to assure a safe BWE 
process. The structural safety of the ship may be in a danger when the exchange is 
conducted, especially in the case of sequential exchange (Endresen et al., 2004). The 
crew training is important under the IMO guide lines so that the BWE can be safely 
performed.  
Although it remains as the only worldwide practicing option for BW management, 
BWE has its own drawbacks. It does not certify the removal of sediments in the bottom 
of the ballast tank. Therefore, the sediment-attached organisms can stay in the system 
and later become invaders. Left-over coastal water may be remained in the ballast tank 
and reduce the efficiency of organism removal. McCollin et al. (2007b) reported that 
although the BWE generally reduced the abundance of phytoplankton, in few occasions, 
the concentration of some harmful organisms increased in the ballast tanks. Taylor et al. 
(2007) reported that, the BWE dramatically reduced the number indicator plankton taxa 
(taxa in the uploaded BW); however, the process is less effective for total number of 
plankton. Therefore, the need of implementing effective BW management treatment 























at Port 2 
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Figure 2.1: Mid-Ocean ballast water exchange process 
 
2.2.1.2. Timeline for implementation of the ballast water management plan 
Regulation B-3 of the Convention explains the BW management requirements to be 
fulfilled by the ships, based on the year of construction and the BW capacity of 
individual ships. Summary of B-3 is illustrated in Table 2.4.  
 





































Before 2009 1500-5000   
Before 2009 <1500 or >5000 
  
In or after 2009 <5000  
In or after 2009, 
but before 2012 ≥5000 
  




Regulation D-1 or D-2 Regulation D-2 
Ships have to follow either the standards for BWE or the performance standards 
under Regulation D-2. For ships constructed before 2009, the IMO has given a period 
of time to start practicing performance standards, while urges the requirement for BWE 
until then. Similarly, for the ships with BW capacity larger than or equal to 5000 m3 and 
construct between 2009 and 2012, timeline for starting the performance Standard D-2 is 
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2016. This type of arrangement provides smooth transfer of devices in the BW 
management. However, for the ships construct in or after 2009 and with a BW capacity 
less than 5000 m3, Standard D-2 is applicable from the point of construction. Therefore, 
technology development is crucial for such ships, as BWE may not be able to taken care 
the strict standards under Regulation D-2. The performance standards will be fully 
established after 2016 for all the ships. 
In addition to the above explained regulations proposed by the IMO, countries such 
as Australia, Canada, and the United States proposed their own unilateral guidelines to 
avoid the biological invasions through BW.    
 
2.3. Treatment technologies  
Attention towards the non-native organism transfer by BW has been increased since 
late 1980s (Drake et al., 2007). Various research bodies are researching for various 
effective BW treatment technologies. However, up to date, BW exchange at mid ocean 
is the only widely practicing technology to minimize the biological invasions. The 
following criteria have to be met by an effective treatment technology:  
• Efficient killing of the living organisms  
• Low foot-print 
• Acceptable energy consumption 
• Simplicity 
• Acceptable capital cost 
• Low maintenance and operational cost 
• Crew friendliness  
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• Safe to the crew and ship structure 
• Environmentally benign 
 
In addition, ship operators have considerations such as maintenance requirements, 
manpower/training requirements, corrosion related issues, and flexibility of the 
technology under different situations.      
At the 2nd International Ballast Water Treatment R&D symposium (London, 2003) 
two major points were identified to answer the question: “Why ballast water exchange 
remains the only practicing technology?” and “What should be considered to develop 
an applicable system?” The two points are: 
1. According to the scenario, the treatment technology may have to be 
changed. For example, a technology applicable to one type of vessels may not be 
suitable to use in another type. Besides, the characteristics of BW may change widely 
according to the ballasting environment. Thus, the same vessel may carry BW with 
different characteristics time to time. Hence, it will not be possible to develop a 
universal treatment technology which can be practiced everywhere, in any vessel type, 
and for any type of voyage.  
2. Combined technologies with primary filtration/physical separation 
followed by secondary disinfection treatment method will be effective (Ballast Water 
News, 2003). 
It is clear that, a successful treatment technology development may be a 
combination of primary (mechanical separation) and secondary treatment (disinfection) 
trains. The following sections review the researched primary treatment systems, 




2.3.1  Primary treatment systems 
 
During ballasting, living organisms of different sizes can enter ballast tanks. 
Non-living materials such as sediments and debris (which could not removed by 
screens at the intake) may also enter the tanks. It is extremely important to remove 
solids in the BW before it enters secondary treatment system. Besides, when larger-size 
living organisms are in the BW, it would be more difficult to disinfect them in 
secondary treatment system. Mechanical tools for removal of such organisms prior to 
entering secondary treatment will greatly enhance disinfection efficiency of the 
secondary treatment system.  
Filters and cyclones are two major primary treatment technologies in BW treatment. 
While filters separate debris and organisms larger than its aperture, cyclones make use 
of vortex separation in removal. Thus, filter removal efficiency can be higher compared 
to that of a cyclone, with same rating. On the other hand, foot print of a cyclone system 
can be higher compared to a filtration module to achieve the same level of removal. 
However, cyclones pose advantages such as no moving parts inside and lower 
maintenance.  
Automatic backwash screen filter has been researched as a preliminary treatment 
system for ballasting process. Different sizes of screens (25 µm, 50 µm and 100 µm) 
were tested for their performance in particle removal at a flow rate of 340 m3/h (Parsons 
and Harkins, 2000). Pressure drop and lost flow due to the back wash operation were 
also evaluated. It was found that the 50 µm automatic backwash screen was a better 
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option than the others. Parsons and Harkins (2002) reported that, the removal 
efficiencies of 50-µm automatic backwash screen filter, 100-µm rated cyclonic 
separator, and 100-µm disk type depth filter were above 90%, around 30% and above 
90% respectively. These efficiencies show the comparatively lower removal efficiency 
of cyclone compared to filters. All three systems were evaluated at a flow rate of 340 
m3/h. These three systems were compared for particle removal efficiency, backwash 
frequency and net BW flow rate, impact on the ballast system design and arrangements, 
and maintenance and system cost. By analytical Hierarchy Process, it was concluded 
that the disk filter system was superior to the other two systems (Parsons, 2003).  
Crumb rubber filtration is another primary treatment technology used in the BW 
treatment (Tang et al., 2006). Medial sizes ranged from 0.5 – 1.2 mm, 1.2 – 2.0 mm, and 
2.0 mm – 4 mm were employed. Filtration rates were ranged from 24.4 m3/h.m2 – 73.3 
m3/h.m2. Removal of turbidity and particles, and living organisms, zooplankton and 
phytoplankton were investigated. Turbidity removal of 21%-48% and particle removal 
of 6.5%-46% were achieved. Average removal efficiencies of zooplankton (of which 
size is above 50 µm) and phytoplankton were 50% and 58%, respectively. Size of 
filtration medium plays the major role in system efficiency. The efficiency becomes 
higher when the size of the medium is smaller. However, the required backwash water 
amount would become high when the size of the filtration medium is smaller. Thus, if 
filtration is done through a particulate medium, particle size has to be selected 
considering factors such as efficiency, head loss, backwash water consumption, and 
backwash frequency. Although the filtration medium can be from a waste source such 
as waste tires, pressure filtration may be required to lower down the foot-print (Tang et 
al., 2009).  
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Organism and microorganism removal by the above primary treatment technologies 
is not enough to attain the IMO regulation for dischargeable living organism 
concentrations.  Nonetheless, they can play an important role in removal of larger 
inorganic, organic and biological solids.  
 
2.3.2.  Secondary treatment systems 
As per above discussion, primary treatment systems are only capable of removing a 
certain amount of large inorganic, organic, and biological solids. Therefore, single step 
of treatment is not able to remove/kill the wide range of living organisms present in the 
BW. While the preliminary treatment system mechanically removes relatively larger 
size organisms such as zooplanktons and phytoplanktons,  the secondary treatment 
system is to disinfect the living microorganisms, rather than mechanically removing 
them.  
 
2.3.2.1. Thermal treatment 
There are two basic approaches in thermal treatment (heating treatment): 1. use high 
temperature within a short period of time and, 2. use low temperature for comparatively 
longer period of time. Thornton and Prentice (2004) reported 80 ~ 90 % inactivation of 
G. catenatum cysts, which is a toxic dinoflagellate, at 50 0C and within 45 s during 
on-board testing. Quilez-Badia et al. (2008) conducted an on-board trial to study effects 
of short time and high temperature on disinfection of bacteria, zooplankton and 
phytoplankton. The temperature was 55 - 800C and the heat was from heat exchanger 
steam of the vessel. Phytoplankton reduction of 63% - 90% was achieved. The 
disinfection of bacteria and zooplankton was 95% and did not change with an 
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increasing temperature up to 80 0C. It was speculated that, the survived 5% was spore 
forming bacteria and temperatures below 80 0C was not enough to kill them. An 
increase in temperature to 100 0C may be needed. However, achieving a temperature as 
high as 100 0C in a ship is virtually impossible. Mountfort et al. (2004) reported a 
complete inactivation of organisms at 36 – 38 0C within 6 – 10 h in a ship board trial. 
Temperature and duration of treatment depend on the type of target organism and the 
method of heating. Most of the studies suggest using waste heat from engine in ship for 
the BW treatment. The temperature is lower, while the contact time is longer (Rigby et 
al., 1999; Mountfort et al., 2004). 
Figure 2.2 schematically represents one of the proposed heating technologies using 
waste heat from the engine. In this method, seawater pumped from the sea is used to 
absorb the heat from fresh cooling water at the heat exchanger. Then, the temperature of 
this seawater becomes higher. The hot seawater is then pumped into the ballast tanks 
with BW and used for killing of organisms in BW. Excess water is allowed to overflow 
from the ballast tank (Rigby et al., 1999). 
Comparing the two proposed approaches above, the second approach (using a low 
temperature for a long time) looks more promising, especially if the amount of heat 
produced from the engine is not enough to increase the temperature of huge BW 
volumes.     
Heat treatment technology has several advantages. It does not require chemical 
transportation. The cost is low as the energy is obtained from a waste-source. The 
operation is safer than BWE as BW will not be emptied during the voyage (Rigby et al., 
1999; Sobol et al., 2004). There are few drawbacks in the technology. Heating may be 
attractive for the vessels which generate sufficient amount of heat such as cruise ships. 
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However, it may not be suitable for vessels with large BW volumes. Heat loss from BW 
tanks, non-uniform temperature profiles in BW tanks, ineffectiveness in disinfection of 
sediment attached organism, and low temperature in the outside ocean environment 
during the voyage can make the heating technology unappealing (Rigby et al., 1999; 
Japanese Shipowners’ Association, 2004). Further, increased temperatures may 
accelerate the corrosion of ballast tanks as there is a possibility of damaging the 
protective coating layer due to the excessive heat. 
 
 Fresh water for cooling 
the engine 














Figure 2.2: Proposed “Heating” technology as a BW treatment technology using the 
waste heat of the ship’s main engine 
  
In a laboratory-scale research, microwave heating was evaluated (Boldor et al., 
2008). The continuous microwave heating system of 5kW and 915 MHz was used. 
Investigations were conducted at flow rates of 1 and 2 L/min and power levels of 2.5 
and 4.5 kW. The increment in temperature was reported as 11.8 – 64.9 0C. The optimum 
temperature and the hydraulic retention time were 55 0C and 200 s, respectively, for 
disinfection of Nannochloropsis oculata (microalgae), Artemia nauplii, adult Artemia 
(brine shrimp), and Crassosstrea virginica (oyster larvae). Microwave heating can be 
controlled easily compared to heating using waste heat of engine. However, the high 
energy consumption can be a huge barrier when it comes to the actual application. 
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 2.3.2.2. Deoxygenation treatment 
Deoxygenation treatment in the ballast tank is to create a hostile environment for 
the living aerobic organisms. Both pure nitrogen and nitrogen with other gases are used 
to purge oxygen from BW. In addition to effectively kill the aerobic microorganisms, 
the technology could prevent the ballast tank from corrosion. 
Tamburri et al. (2002) used nitrogen to purge oxygen in the ballast tank in order to 
achieve the hypoxic condition in BW. In the bench scale study, oxygen level < 0.8 mg/L 
was achieved. Disinfection efficiencies of Ficopomatus enigmaticus (tubeworm), 
Carcinas maenas (green shore crab) and Dreissena polymorpha (zebra mussel) were 
79% (after contact time of 2 days), 97% (after contact time of 2 days) and 82% (after 
contact time of 3 days), respectively. Approaches of nitrogen supply will have to be 
selected carefully to reduce the foot print.   
A mixture of gases containing 84 % nitrogen, 12 – 14 % carbon dioxide and 2 % 
oxygen was employed for the BW treatment (Husain et al., 2003). The orifices of the 
piping were oriented downward so that the sediment accumulated in the tank was 
agitated and treated. The pressure of the ullage in the tank was maintained at -2 psi. The 
pH of the BW dropped from 8 to about 6 due to the bubbling. The reduced level of 
oxygen and the pH created a hostile environment for most of the living organisms in the 
seawater. In a bench scale study, several organisms were tested for the effectiveness. 
Mimulus foliates (crab), Sebastes diplopora (rock fish) and Lysmata californica (shrimp) 
were killed after 75, 7, and 20 min. 99% of Vibrio cholerae (bacterium) was killed after 
24 h. Advantage of the proposed system is that the gas mixture can be produced using 
the commercially available marine inert gas generators.  However, the reduction in pH 
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may not be attractive due to the increased risk of corrosion of ballast tank surfaces. 
Thus, the pH of the ballast tank should be monitored and should not allow beyond 5.5 - 
6. 
In the deoxygenation approach of McCollin et al. (2007a), nutrients were added in 
to the ballast tanks and the microbial growth was encouraged. The oxygen 
concentration in the BW gradually decreased due to the growth of aerobic 
microorganisms. It is reported that the zooplankton survival was negatively affected 
with the reduced oxygen levels in the ballast tank. However, this method is applicable 
only for the ships in a longer journey.  
Deoxygenation as a BW treatment technology has advantages as well as 
disadvantages. This technology is able to reduce the corrosion in the ballast tank 
surfaces unless pH is decreased. The cost will be comparatively lower and the safety 
related issues will be minimized. However, the efficiency of inactivation of facultative 
anaerobic bacteria is a barrier to this technology (Tamburri et al., 2002; Gavand et al., 
2007). Moreover, if the pH is decreased according to the nature of gas used, corrosion 
may enhance.  
 
2.3.2.3. Chemical Biocide treatment 
Chemical biocides can be used to kill various microorganisms in BW. Ozone is one 
of the chemicals studied frequently. It was reported that, ozonation of 5-10 h achieved 
99.99% mortality of culturable bacteria, >99% mortality of dinoflagellates and 96% 
mortality of zooplankton (Herwig et al., 2006). Four log reduction of marine 
dinoflagellate alga, Amphidium sp. was achieved following an ozone dosage of 5 – 11 
mg/L for 6 h (Oemcke and van Leeuwen, 2005). Low pH enhances the inactivation of 
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the bacterium Bacillus subtilis spores by ozonation (Oemcke and van Leeuwen, 2004).  
Disinfection of spore forming organisms is relatively difficult by using ozonation. 
The presence of iron (due to corrosion in the system) or organic compounds can reduce 
the effectiveness of ozonation (Oemcke and van Leeuwen, 2004 & 2005). Potential 
re-growth after ozonation was reported by Dragsund et al. (2001). Toxicity of 
non-dissolved ozone (eye and lung irritant), possibilities of elevated corrosion of the 
ballast tank surfaces, high space requirement for installing ozone generators (due to low 
efficiency in converting oxygen in air to ozone), low efficacy in inactivating larger size 
organisms are some of the drawbacks of the process of ozonation (Dragsund et al.,2001; 
Oemcke and van Leeuwen, 2004; MIT Sea Grant).   
Chlorination is used for the treatment of BW. Sodium hypochlorite was used for the 
chlorination of BW in a laboratory scale investigation (Zhang et al., 2003). The 
concentrations of total anaerobic bacteria, Vibrio, and E. coli in the test water was 
9.9×105 CFU/10cm3, 1.1×105 CFU/10cm3, and 3.3×1052CFU/10dm3, respectively. 
Disinfection efficiency of total anaerobic bacteria, Vibrio, and E. coli, were 99.85 %, 
100 %, and 85.2 %, respectively. Available chlorine concentration for the above 
disinfection efficiencies was 5 mg/L and the contact time was 24 h. Lethal 
concentration (LC99) for four different phytoplankton species, Nitzscchia closterum, 
Dicrateria spp., Platymonas spp., and Pyramidomonnas sp., were studied. It was 
reported that the lethal concentration (LC99) can be varied between 5 mg/L – 100 mg/L 
depend on the species and the concentration. Moreover, lethal concentration (LC50) for 
the brine shrimp Artemia salina was founded as 1.26 mg/L. 
In another study, use of chlorine as a biocide for BW treatment was tested on-board 
(da Silva and da Costa Fernandes, 2003). Four different ballast tanks were used for the 
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test. Different chlorine concentrations (1, 3, 5, and 10 ppm) were added to the ballast 
tanks. Mortality of zooplankton was ranged from 99.26 %- 99.01 % at the end of the 
testing period. Phytoplankton removal was varied from 75.75 % - 100 %. When the 
chlorine concentration was 10 ppm, it was found that the trihalomethane (THM) 
concentration exceed the allowable limits (regulated value in Brazil for THM in potable 
water; 100 µg/L). In the same study, mortality of microalgae Tretaselmis chui and the 
THM production was studied in laboratory scale. It was reported that the Tretaselmis 
chui is disinfected within 24 h at chlorine levels of 1 – 10 ppm. THM concentration can 
exceed the allowable limits at chlorine concentrations of 3 ppm and above. This finding 
tells that the level of chlorine should be closely monitored and controlled, in order to 
reduce the risk of toxic byproducts formation. In addition, storage and handling of 
chlorine on-board may leads to safety related issues.    
Chemical biocides apart from ozonation and chlorination can be found in the 
literatures and summarizes in the Table 2.5. 
There are common problems related to the chemical biocides. Due to the huge 
volumes of BW discharge, the toxicity of added chemicals can become a considerable 
issue (ten Hallers-Tjabbes, 2004; Gregg and Hallegraeff, 2007). Especially, if the 
amount of the biocide to be added for the treatment is considerably high, discharge of 
such water will negatively affect the receiving marine environment. In addition, the 
byproducts from the degradation of the chemicals can be toxic (Faimali et al., 2006).  
The chemical biocides and their byproducts can pose a high risk to the crew and to the 
marine environment (Rigby and Taylor, 2001). Corrosion of ballast tanks due to the 
used chemicals and their byproducts is another important issue to be resolved 
(McCracken, 2001). Neutralization of the added biocide before discharge can be a 
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necessary step in using most of the chemicals biocides. 
Table 2.5: Chemical biocides for ballast water treatment 
Chemical biocide Researcher(s) 
Copper ion McCracken, 2001; Stocks and Burns, 
2004 
 
Peraclean® ocean Fuchs et al., 2001; Gregg and Hallegraeff, 
2007 
 
SeaKleen® Raikow et al., 2006; Gregg and 
Hallegraeff, 2007  
 
Vibrex® Gregg and Hallegraeff, 2007 
 
Naphthoquinone Wright et al., 2007a 
 
Hydrogen peroxide Kuzirian et al., 2001; Smit et al., 2008 
 
Hydroxyl radical Bai et al., 2005 
 
 
2.3.2.4.  Electrolysis 
Chloride ion is one of the major components of seawater. Electrolysis of seawater is 
able to produce active chlorine at the anode and hydrogen gas at the cathode, as shown 
















Once dissolved, the aqueous chlorine forms hypochlorous acid (HOCl) and 
hypochlorite ion (OCl-).  HOCl and OCl- are well-known disinfectants. This principle 
is utilized in the BW treatment.  
Dang et al. (2003) has studied an electrolytic system for BW treatment. Treatment 
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capacity tested was about 2 m3/h and the efficiency of phytoplankton removal was 
reported as 72 %.  Besides, the disinfection of Artemia salina, a brine shrimp, was 
investigated. It is reported that, about 95 % - 99.99 % removal of Artemia salina was 
observed after 48 h of contact time with treated seawater. Initial residual chlorine 
concentration for the above removal was between 3.5 ppm – 15 ppm. However, this 
chlorine concentration dropped to 0.1 ppm – 5.5 ppm at the end of 48 h. Direct current 
(DC) was used in the system and the power consumption was in the range of 4.5 – 6.5 
kWh/kg of active chlorine production. In terms of the alternative current (AC), power 
consumption was 6 – 10 kWh/kg of active chlorine production.       
Electrolysis of BW has certain advantages. It produces disinfectants in-situ, thus, no 
chemical storage is needed. Due to the high salinity of seawater, amount of energy 
required can be reasonable.  Operator interaction is minimal. However, this technology 
is not energy efficient and effective, if the BW source is fresh water. Residual chemicals 
have to be treated prior to discharge. Level of residual chlorine in the treated BW should 
control in such a way that the ballast tank corrosion is not enhanced.       
 
2.3.2.5. Ultrasonic treatment 
In ultrasonic treatment, electrical energy is converted to vibratory energy at certain 
strength and frequency in the BW (Sullivan, 2004). Numerous fine gas bubbles can be 
formed. Surrounding the bubbles, extremely high temperature and pressures associated 
with the release in the energy can thus cause the cellular rupture and death. Powerful 
free radicals generated by the higher energy can also kill the microorganisms. The 
ultrasonic treatment system has demonstrated to be effective in the killing of bacteria, 
plankton, and larger organisms. The adverse effect of such a system is that it could 
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damage the coating of ballast tank, which could lead to bad corrosion. At the same time, 
it could adversely affect the ship structure.  
 
2.3.3. Combination of primary and secondary treatment systems 
Importance of combining primary and secondary treatment systems is obvious as 
neither primary nor secondary treatment system alone is able to meet the IMO rules and 
regulations. A combination is widely used if ultraviolet (UV) irradiation is used for 
disinfection. The rational is that the effectiveness of UV irradiation becomes lowered if 
the solution to be disinfected is highly turbid.  In addition, larger-size organisms can be 
effectively removed by primary treatment system, as UV irradiation is less efficient for 
the removal.  
Sutherland et al. (2001) proposed a combined system consisted of cyclonic 
pre-treatment followed by UV-C irradiation (Figure 2.3 (a)). Mortality above 80% was 
achieved for a range of planktons. A treatment system comprises of a separator, filter 
and UV irradiation shown in Figure 2.3 (b) was tested on-board for its efficiency on the 
killing of planktons and microorganisms (Nilsen et al., 2001). A 55-µm depth filter 
combined with a UV unit was evaluated on-board for BW treatment (Wright et al., 
2007b). Average removal of organisms larger than 50 µm from the filter alone was 53.4 
– 95.1 %, while the mean removal of phytoplankton from the filter was 10%. It was 
proposed to pass the BW through both units during ballasting while only pass the 
deballasting stream through the UV irradiation unit. Primary treatment system followed 
by UV irradiation is advantageous in terms of cost-related issues. However, reactivation 
of organisms after disinfection by UV irradiation is a considerable issue to be solved. 
Waite et al. (2003) reported a bacterial re-growth 18 h after the UV irradiation. The UV 
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dose must exceed the experimentally effective value in order to permanently deactivate 
the living organisms. In addition, absence of residual disinfectants is another 
disadvantage in UV irradiation. For example, UV treated BW may later mix with the 
sediments accumulated in ballast tank bottom and get contaminated again. Although the 
BW stream will be passed through the UV unit at deballasting, disinfection of larger 
organisms is not guaranteed. 










































Figure 2.3: Proposed UV – based treatment systems with pre-treatment: (a) Cyclonic 





Most of the commercial BW systems consist of primary and secondary treatment 
steps. For example, PureBallast treatment system comprises of a 50-µm filter for 
pretreatment with an advanced oxidation disinfection unit (assisted by titanium dioxide 
catalyst). The BW first passes through the filter and then the UV unit during ballasting. 
This reduces the sediment accumulation in the tanks as well as the large organisms 
entering the ballast tanks. After completing the voyage, the BW is treated at the 
deballasting site by both filtration and UV disinfection units. A pilot-scale study of the 
PureBallast treatment system revealed that the number of organisms larger than 50 µm 
can be reduced from 468,000 individuals/m3 to 0. A slight re-activation occurred; the 
number of the organisms increased to 6.6 individuals/m3 after 5 days. Moreover, the 
initial concentration of organisms between 10 – 50µm was 500 individuals/ml and 
reduced to 0.2 individuals/ml after the treatment. Subsequent increment was not 
observed for these organisms. E. coli concentration reduced from 3.4×106 CFU/100-ml 
to 0.3 CFU/100-ml after the treatment and increased to 10 CFU/100-ml after 5 days 
from the treatment. This technology is one of the first few, which have obtained the 
final and type approvals from the IMO (http://pureballast.alfalaval.tripnet.se). Major 
advantage of this technology is the use of short-lived disinfectants for the treatment. 
Thus, the negative effects on the discharge environment are rather limited. However, 
the same advantage turns to a disadvantage due to the possibility of reactivation of 
inactivated organisms. According to the above details, some reactivation was reported 
during five days of time.  For example, the reactivation of organisms larger than 50 µm 
increased the number of organisms to 6.6 individuals/m3 after five says, whereas the 
IMO regulation is 10 individuals/m3.  The two values are not far apart.         
SEDNA® is a commercial BW treatment system and comprises of three steps: 
hydrocyclone separation, fine filtration (50 µm) and a disinfector (as secondary 
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treatment system). A chemical biocide called Peraclean ® Ocean with a dosage 150 
ppm is used in the disinfection. It is claimed that the biocide was degradable and no 
toxicity was detected after 2 h of addition. Planktons were completely removed after the 
treatment and no re-growth was detected after 5 days. SEDNA® has completed its 
onboard tests and the IMO has granted final and type approvals for this technology 
(Voigt, 2008; http://www.hamannag.com/). While the biodegradability is an advantage 
in terms of the protection of discharging environment, the dosage as high as 150 mg/L 
may not be cost effective, especially for the ships with huge BW quantities (e.g. 
tankers). On the other hand, practical difficulties such as carrying a large amount of 
chemicals on-board may arise.   
Electro-Cleen TM system is another commercial BW treatment system with final and 
type approval from the IMO. Electrochemical disinfection unit is the major disinfection 
unit in Electro-Cleen TM system. BW passed through a strainer before enter the 
electrochemical disinfection unit. At the electrochemical unit, series of disinfectants 
including chlorine and free radicals disinfect the living organisms. Total residual 
chlorine concentration of 12 ppm successfully remove the planktons > 50 µm and 
between 10µm – 50µm to achieve IMO regulation. Land based test with flow rate of 
300 m3/h – 2000 m3/h and treated BW capacity of 200 m3 was successfully completed. 
The system was tested on-board as well. BW capacity for the on-board testing was 3000 
m3 and two sets of pumps with 300 m3/h flow rate were used. The system is available 
with a range of treatment capacities between 300 m3/h to 2400 m3/h. Energy 
consumption for the above systems are varied from 18 kWh to 144 kWh according to 
the treatment capacity. Corrosion tests were done at a total residual chlorine 
concentration of 25 ppm in order to investigate the possible effects on ballast tank 
corrosion. It is reported that the rate of corrosion is lower compared to chlorine free 
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saline water. The reason behind is explained as the reduction in bio-corrosion as the 
organisms are disinfected (http://www.techcross.net). Benefits of the Electro-Cleen TM 
system are the availability of residual disinfectants, low footprint and in situ production 
of disinfectants. However, the energy consumption in low salinity BW treatment may 
be a detrimental factor of the technology. Moreover, re-stabilization of BW by 
removing residual disinfectants prior to the discharge is a must in order to avoid the 
subsequent damages to the discharging environment.        
OceanSaver® is a commercial BW treatment with both final and type approvals 
from the IMO (http://www.oceansaver.com/). This technology is a combination of 
several technologies including filtration, cavitation using an extreme pressure pulse, 
nitrogen gas supersaturation and electrodialic process. The BW which is treated using 
the above stated technologies is then kept in the ballast tanks during the voyage. Ballast 
tanks are equipped with a pressure/vacuum control system in order to prevent the 
leakage of nitrogen from the tank and air into the tank. Prior to discharge, the treated 
BW is aerated and gas balance is re-stabilized. Shipboard trials were successful and the 
IMO regulation D-2 is fulfilled. Power consumption in seawater with 3% salinity is 
ranged from 148 kW to 908 kW for systems with capacity of 500 m3/h to 6000 m3/h, 
respectively (http://www.sjofartsdir.no/upload/29160/OceanSaver%20Andersen.pdf).  
Corrosion protection of ballast tanks because of the nitrogen supersaturation (due to the 
deoxygenation) is an advantage of the proposed technology.  However, the usage of 





2.3.4. Other researched treatment options 
In addition to the aforementioned technologies, there are some other proposed 
technologies for BW treatment, which are shown in Table 2.6.  
One major drawback in most of the studies stated above is that the disinfection 
results are given as percentage reductions. This does not convey a clear picture about 
the final concentrations of organisms after treatment, which is needed by the IMO. The 
reason behind is that the studies may have conducted prior to the adoption of IMO 
convention. It should be noted that the concentration of organisms after treatment 
should be presented as number of organisms per certain amount of BW, in order to 
comply with the IMO regulation D-2. Due to the factors such as higher BW volume, 
safety, corrosion, low efficiency, operational complexity, toxicity and higher cost, most 
of the proposed BW treatment systems are lagging behind the industrial operations. 
Table 2.6: Ballast water treatment technologies 
 
Technology Researcher(s) 
Self-cleaning filtration* Matheickal, 2004 
Aliotta and Rogerson, 2004 Electro-Ionization* 
Leffler and Rogerson, 2004 
Sonication coupled with advanced 
oxidation 
 
Gavand et al., 2007 
Shock pressure Abe et al., 2007 
 
*Ballast Water Treatment R&D Directory (2nd Edition, November 2004, Global Ballast 






2.4. Electrochemical disinfection 
In the process of electrochemical disinfection, an external voltage is applied through 
two electrodes; anode and cathode. These two electrodes are dipped in the solution to be 
disinfected. If the solution is conductive enough, current is generated. Generated 
current is capable of producing oxidants which can be utilized in the disinfection 
process. Electrochemical disinfection is of great interest, due to the facts such as in situ 
generation of chemicals and lower foot print (Stoner et al., 1982). However, the 
technology is yet to be developed and few reports are available on the disinfection of 
microorganisms. The following discussion reveals the fundamentals of the technology, 
examples and mechanism studies, and facts on the electrodes in the process.  
 
2.4.1. Fundamentals of electrochemical disinfection 
As explained earlier, in the process of electrochemical disinfection, an external 
voltage is applied on the electrodes, while the electrodes are dipped in the solution to be 
treated. Figure 2.4 shows a schematic diagram of electrochemical cells discussed above. 
In the electrochemical process, oxidation occurs at the anode and reduction occurs 
at the cathode. If the electrolyte (in this context, the solution to be treated) contains 




2CleCl +→−  




+− ++→+ HClHOClOHCl    
)5.2....(............................................................+− +→ HOClHOCl  
Oxidation of water may produce hydroxyl radical (OH•). Consequently, OH• can 
produce species such as O3, H2O2, HO2•, and O2•- (Jeong et al., 2006). These reactions 
are listed in equations 2.6 to 2.12.  
)6.2.........(..................................................2
−+• ++→ eHOHOH  
)7.2...(............................................................−+•• ++→ eHOOH  
)8.2.....(......................................................................32 OOO →+•  
)9.2.....(............................................................22OHOHOH →+ ••  
)10.2(............................................................223 OHOOOH +→+ ••  
)11.2..(..................................................2222 OHHOOHOH +→+ ••  
)12.2.........(............................................................22
+−•• +⇔ HOHO  
 
Apart from the above reactions, oxygen evolution may occur at anode.  
)13.2.(............................................................442 22 eHOOH ++→ +  
Simultaneously, evolution of hydrogen occurs at cathode due to the reduction of H+ 
ion. However, the generated H2 is not expected to be accumulated in the BW tanks due 
to the ventilation system in operation.  




Figure. 2.4: Electrochemical reactors for disinfection of contaminated fluids (a) batch 
reactor (b) plug flow reactor (c) continuous stirred tank reactor (extracted from 
Rajeshwar and Ibanez, 1997). 
 
According to the above discussion, it can be seen that the electrochemical process is 
capable of producing strong oxidants. These oxidants act as disinfectants in the 
electrochemical disinfection process. Oxidation potentials of some of the oxidants are 
listed in the Table 2.7. 
 
Table 2.7: Oxidation potential of electrochemically generated oxidants (extracted from 
Ray et al., 2006) 
 
Oxidant Oxidation potential, eV 
Hydroxyl radical 2.8 
Ozone 2.1 
Hydrogen peroxide 1.8 
Chlorine 1.4 
 





+ = anode _ + - = cathode 
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microorganisms at anode can be expected (Jeong et al., 2006). In addition, reduction of 
generated oxidants at cathode can be expected to a certain extent.  
 
2.4.2. Examples of electrochemical disinfection 
Electrochemical disinfection is reported in literature for fresh water and wastewater 
disinfection. The following discussion elucidates examples of electrochemical 
disinfection studies.  
Low frequency AC was used in electrochemical disinfection of E. coli B (Stoner et 
al., 1982). Different electrolytes with 0.05% (represent tap water) and 0.85% (represent 
normal saline) of NaCl or NaBr were contaminated with E. coli B and the concentration 
in untreated solution was ≈ 105 cells/cm3. Two different cell types, namely flow cell and 
stationary cell, were used in the study. Anode and cathode were made of 
random-oriented graphite fiber-epoxy composite. In the flow cell, flow rate and HRT 
were 2 cm3/s and 4 s, respectively. Complete disinfection was reported when the current 
density (Id) was 7.5 mA/cm2. Voltage requirement was 7 V for 0.05% NaCl and 5.5 V 
for 0.85% NaCl. In the stationary cell with a contact time of 120 s, no disinfection was 
observed if the NaCl concentration was below 200 mg/L. However, in NaBr electrolyte, 
disinfection starts at lower salt concentrations. Lethal species were identified as Cl2, 
HClO, Br2, and HBrO.  
Patermarakis and Fountoukidis (1990) reported a disinfection study using Ti 
electrodes as anode and cathode, while the polarity is switched every 1 min. Natural 
water highly contaminated with coliforms (80/l) and fecal streptococci (30/l) was used. 
However, the natural water was later contaminated using cultured organisms to 
different initial concentrations. Chloride ion concentration of the reported water was 3.5 
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ppm. Current density of 2.5 mA/cm2 and voltage of 45 V was capable of disinfecting 
samples with 200 coliforms/ml - 26800 coliforms/ml, within 15 min. However, a 
sample with 335 coliforms/ml and 1035 streptococci/ml took 30 min to complete the 
treatment. Further, the residual disinfectants in treated water were mixed with untreated 
water. It was found that the residual disinfectants can disinfect the untreated water 
successfully.  
Electrochemical disinfection was carried out in order to disinfect drinking water, 
using carbon cloth electrodes as working and counter electrodes (Matsunaga et al., 
1992). No chloride ions were presented in the test water. Initial concentration of the 
target organism, E. coli k12, was 102 cells/cm3. Potential vs. the reference electrode 
(saturated calomel electrode) was maintained at 0.7 V. Less than 2% of the cells were 
survived after 10 min. Electrochemically produced radicals, H2O2, or direct electron 
transfer between electrode and cells are the possible mechanisms of disinfection. In 
another study, electrochemical disinfection was employed to inactivate marine bacteria, 
Vibrio alginolyticus (Nakasono et al., 1992). Plastic electrode consisted of graphite and 
silicone rubber was used as the working electrode. Carbon fiber was used as the counter 
electrode. Bacteria were attached to the surface of working electrode. Initial 
concentration of bacteria was 5.6×103 cells/cm2. After applying a voltage of 1.5 V vs. 
saturated calomel electrode for 10 min, survival of bacteria was <5%. Residual chlorine 
for the above treatment was 0.02 ppm.  
Matsunaga et al. (1994) used activated carbon fiber electrodes as working and 
counter electrodes to disinfect drinking water with E. coli. Prior to treatment the 
chlorine concentration in drinking water was 1.1 – 1.3 ppm. E. coli cell concentration 
drooped from 9.5×103 cells/ml to <10 cells /ml, within 20 min of treatment at a flow 
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rate of 1 ml/min. Voltage applied was 0.8 V vs. saturated calomel electrode. The above 
mentioned working electrode is capable of adsorbing the bacteria on to it and then 
oxidizes on the electrode. Moreover, a reduction in initial chlorine concentration of the 
drinking water was observed. This may be due to the adsorption of chlorine on to the 
electrode material. Tap water was treated using RuO2 coated Ti anode and carbon felt 
cathode (Drogui et al., 2001). A 3 log reduction of fecal coliforms and Pseudomonas 
aeruginosa is reported at 2 A current. Time taken was about 200 min. Simultaneous 
removal of turbidity and organic destruction was achieved.  
A Ti/RuO2-TiO2 anode and a stainless steel cathode were employed to disinfect 
coliform bacteria in saline (salinity of 8‰) wastewater (Li et al., 2002). Disinfection 
efficiency of 99.9% was achieved within 20 s for saline secondary effluent (coliform 
concentration of 7×104 – 2.3×105 CFU/100ml). Power consumption was 0.006 kWh/m3. 
Similar reduction was there for the saline primary effluent (coliform concentration of 
4.1×107 – 1.3×108 CFU/100ml) within 20 s and power consumption was 0.08 kWh/m3. 
However, for fresh water secondary effluent, only one log reduction was achieved 
within 25 s of treatment. Dress et al. (2003) conducted a study on electrochemical 
disinfection of bacteria and bacteriophage in EE buffer solution. Two different 
concentrations of organisms, 103 and 106 CFU/ml (bacteria) or PFU/ml (bacteriophage) 
were used. Platinum-tipped copper wire electrodes were used as both anode and 
cathode. It is concluded that the electrochemical disinfection is more effective on 
bacteria compared to the bacteriophage.  
Bluegreen algae are often influencing the drinking water supplies. Disinfection of 
bluegreen algae, Microcystis aeruginosa, was carried out in an electrochemical cell 
(Liang et al., 2005). Anode was RuO2 coated Ti and cathode was an iron pipe. Algae 
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concentration was dropped from 3×109 L-1 to 0.6×109 L-1, after 52 min of treatment at 
5-10 mA/cm2. No re-growth was observed. Boron doped diamond anode was used to 
disinfect bacteria in 1 mM Na2SO4 electrolyte (Polcaro et al., 2007). Flow rate, current, 
and voltage of the system were 25-100 mL/min, 1.5-13.3 mA/cm2, and 2.8-3.1 V (vs. 
saturated calomel electrode), respectively. Concentration of E. coli, mixture of 
coliforms, and Enterococcus drooped from 103 CFU/ml to undetectable level within 60 
s, 100 s, and 300 s, respectively. This study concluded that the electrochemical 
disinfection is possible to carry out without chloride ion in the system. Sarkka et al. 
(2008) investigated the efficacy of electrochemical disinfection to inactivate paper mill 
water bacteria. Mixed metal oxide coated anode and stainless steel cathode were 
incorporated in the disinfection reactor. Electrolyte contained 65 mg/L of chloride ion. 
More than 2 log reduction of bacteria (Deinococcus geothermalis, Psedoxanthomonas 
taiwanensis, Meiothermus silvanus) was achieved within 3 min. Initial bacterial 
concentration and applied current were 5×106 CFU/ml and 50 mA/cm2 , respectively. 
Inactivation was mainly due to the electrochlorination.                                  
 
2.4.3. Mechanism studies of electrochemical disinfection 
Mechanism of electrochemical disinfection is yet to be concluded. Although some 
concluding remarks are there in the literatures discussed above, only few reports can be 
found on comprehensive mechanism studies. Diao et al. (2004) conducted a study in 
order to identify the mechanisms of electrochemical disinfection. Electrochemical 
disinfection, chlorination, ozonation, and Fenton reaction were used to disinfect 
artificial wastewater (NaCl, 500 mg/L) contaminated with E. coli (≈ 108 CFU/ml). 
Results show that the electrochemical disinfection (anode: Ti/RuO2-TiO2-ZrO2) was 
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superior to other disinfection methodologies. Scanning electron microscopy (SEM) 
showed that the morphology of electrochemically disinfected cells was closer to that of 
ozonated and Fenton reaction cells. Therefore, it is concluded that the electrochemically 
disinfected cells are damaged due to stronger oxidants (e.g. hydroxyl radical, ozone) 
and electrochlorination is not the major disinfection mechanism.  
A disinfection study was conducted in three different electrolytes; NaCl, Na2SO4, 
and NaNO3, using a Ti/RuO2-TiO2 anode. E. coli was used as the model organism. 
Disinfection efficiency suggested that the Cl- is important in disinfection. However, the 
disinfection efficiency was lower when direct chlorination was employed. Besides, 
SEM images revealed the electrochemically disinfected cells showed similar 
morphology as ozonated cells. The paper concluded that electrochlorination has some 
contribution, but the electrochemically produced oxidants such as radicals are more 
effective (Li et al., 2004).  
Platinum clad niobium mesh anode and steel cathode were used to disinfect bacteria 
(E. coli) and bacteriophage (MS2) in NaCl and Na2SO4 electrolytes (Kerwick et al., 
2005). Flow rate was maintained at 6 L/min. After 60 min duration with Id of 4 mA/cm2, 
7 log inactivation was achieved when the electrolyte was 0.01 M NaCl. However, when 
the electrolyte was 0.03 M Na2SO4, only 4 log inactivation was achieved after 60min. Id 
was 32 mA/cm2. Moreover, MS2 showed 6 log reduction in 0.03 M Na2SO4. Treatment 
duration was 75 min and Id was 24 mA/cm2. These results showed the importance of 
chlorine production during the process. At the same time, it was shown that the short 
lived oxidants can inactivate the living organisms, even if no chloride ion is present.  
The role of reactive oxygen species in electrochemical disinfection was investigated 
by Jeong et al. (2006). Boron doped diamond anode was used. Electrolyte was 
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phosphate buffer solution; in order to avoid the confusion occurred due to chloride in 
system. Hydroxyl radical production was confirmed using the bleach of 
N,N-dimethyl-p-nitrosoaniline as an indicator. Disinfection with and without hydroxyl 
radical scavenger showed that the major disinfectant in the system is the hydroxyl 
radical. When the disinfection was carried out in low temperature, production of O3 
enhanced the inactivation.  
Cong et al. (2008) studied electrochemical disinfection of coliforms in electrolytes 
with and without chloride ions. β-PbO2 electrode doped fluorine resin was used as the 
anode. When no chloride ion was in the electrolyte, 4 log inactivation of coliforms 
(from an initial concentration of 105-106 CFU/ml) occurred after 5 min of operation at 7 
mA/cm2. At a chloride concentration of 400 mg/L, 4 log inactivation was achieved after 
about 3.5 min. High chloride ion concentration reduced the time taken to inactivate 
coliforms, but the reduction is not substantial. Electron spin resonance study showed 
that OH• radical was the major disinfectant.                 
 
2.4.4. Selection of electrodes for electrochemical disinfection 
According to the above discussion, disinfection mechanism studies have two major 
arguments; electrochlorination and radical production. In addition, time and applied 
current to disinfect the same organism varies considerably. While the electrochemical 
cell can be one of the contributing factors to the differences in studies, the most 
important influence is due to the electrode material in use. Electrodes, particularly the 
anode, have a major role in production of disinfectant. Although anodes such as 
graphite was used in early stages, dimensionally stable anodes (DSA) made of oxide 
layers of noble metals and boron doped diamond anodes are becoming popular (Chen, 
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2004; Polcaro et al., 2007).  
Effect of anode material on generation of oxidants for electrochemical disinfection 
was reported by Jeong et al. (2009). Anodes under investigation were boron doped 
diamond (BDD), Ti/RuO2, Ti/IrO2, Ti/Pt-IrO2, and Pt. Production of OH• radical at 
anodes were found to be, BDD » Ti/RuO2 ≈ Pt. No significant OH• radical production 
was found using Ti/IrO2 and Ti/Pt-IrO2 anodes. In contrast, chlorine production at 
different anodes were found to be, Ti/IrO2> Ti/RuO2> Ti/Pt-IrO2> BDD> Pt. Chlorine 
production at different cathode materials was studied (Bergmann and Koparal, 2005). 
Three different cathodes were Ti, stainless steel, and Ti/IrO2. Rotating anode which is 
coated with IrO2 and RuO2 mixed metal oxides was used in the entire study. Until 10 
min, there was no considerable difference in chlorine production irrespective of the 
cathode material. However, when the time was increased to 20 min, changes in chlorine 
production were observed. Production of chlorine was in the order of Ti > stainless steel 
> Ti/IrO2. However, it should be noted that the changes were not significant. Cathodic 
reduction may be one of the contributing factors to the reduction of chlorine production 
at increased contact times.  
 





















Ti mesh and plate electrodes were purchased from Techmaster Engineering & 
Trading Pte Ltd (Singapore). Commercial RuO2 coated Ti mesh was purchased from 
Beijing Hengli Titanium Industry & Trading Pte Ltd (China). Membranes with 0.45 µm 
pores and 47 mm diameter were purchased from Toyo Roshi Kaisha Ltd, Japan. 
Seawater was collected from west coast of Singapore. For microbiological studies, 
Nutrient broth, EMB agar, Brain heart infusion broth, and Brain heart infusion agar 
were purchased from the OXOID Ltd., England. DPD and indigo reagents for the 
analysis of disinfectants were purchased from HACH, Singapore.  
Sodium chloride, Sodium phosphate, sodium nitrate, HCl, Ammonia solution, 
acetic acid, and sodium hypochlorite were purchased from Merck, Germany. Phosphate 
buffer solution, glutaraldyhide , osmium tetroxide, oxalic acid, RuCl3.xH2O, H2SO4, 
RNO, Iso propanol, and Ru3+ standard were purchased from Sigma-Aldrich, Singapore.  
Sodium thiosulfate was purchased from J.T. Baker, USA, and sodium sulfate was from 
Nacalai Tesque Inc, Japan. Ethanol solution was purchased from VWR, Singapore. All 






3.2. Study of the electrochemical disinfection reactor     
3.2.1. Culture preparation  
Escherichia coli (E. coli) cells (ATCC 10798) were inoculated in 100 ml of nutrient 
broth medium. Medium inoculated with E. coli cells was then kept in a shaking water 
bath for 24±2 h, while the temperature and the rotating speed of the bath were 
controlled at 37 0C and 120 rpm, respectively. In order to prepare the Enterococcus 
faecalis (E. faecalis) culture, E. faecalis cells (ATCC 47077) were inoculated in 100 ml 
of brain heart infusion broth. Inoculated medium was incubated in the shaking water 
bath under the similar conditions as stated above for E. coli.  
 
3.2.2. Enumeration of bacteria     
Enumeration of two bacteria, E. coli and E. faecalis, was done using the membrane 
filtration methodology according to the standard methods (Standard methods for the 
examination of water and wastewater, 1998). In brief, the solution with microorganisms 
to be enumerated was filtered through a membrane with 0.45 µm pore size by applying 
a vacuum. The filtration volume was selected according to the concentration of 
organisms. After filtration, membrane was transferred to an agar plate with suitable agar 
medium (EMB agar for E. coli and brain heart infusion agar for E. faecalis). Agar 
palates were sealed using Parafilm and incubated at 37 0C for 24 h. Colonies were 






3.2.3. Preliminary study for electrochemical disinfection 
A simple electrochemical reactor (volume= 0.3 L) with baffles inside was used for 
the preliminary studies. Titanium plates were used as the electrodes and they were 
connected in bipolar electrical connection. Seawater contaminated with E. coli up to an 
initial concentration of about 8 × 103 CFU/100ml was used as the solution to be treated. 
A DC power supply was connected to provide the required current. Seawater solution 
was pumped through the reactor using a peristaltic pump at different flow rates. 
Experiments were conducted at different Id values. Factors such as disinfection 
efficiency, energy consumption, and total residual chlorine were investigated. 
 
3.2.4. Determination of the flow condition in the reactor     
A new reactor was designed with careful consideration on the flow behavior of the 
reactor. The target was to keep the reactor flow to be non-ideal plug flow due to the fact 
that ideal plug flow is not practically achievable. Ti mesh electrodes were employed in 
the new reactor. Upon fabrication, it was needed to check the actual flow behavior in 
the developed reactor. For this study, deionised water was pumped through the reactor. 
At time zero, about 1 ml of highly concentrated NaCl (100 g/L) was injected to the 
system near the inlet. Samples were collected from the outlet at various time intervals 
and conductivity was measured (conductivity meter- Oakton, Singapore). Procedure 
was done for the reactor with and without electrodes inside and was repeated for four 





3.2.5. Electrochemical disinfection reactor operation 
Electrochemical disinfection reactor system consists of the designed reactor, a DC 
power supply (TDK-Lambda, Japan/Israel), a peristaltic pump (Cole Parmer Instrument 
Co., USA) and a container with overhead stirrer to store the solution to be disinfected. 
Volume of the disinfection reactor was 1.2 L and rectangular in shape. The reactor 
contained titanium (Ti) mesh electrodes as both anodes and cathodes and the distance 
between the electrodes was 0.5 cm. The DC power supply was connected to the 
electrodes in monopolar electrical connection and operated in constant current mode for 
all the experimental runs.  Peristaltic pump was used to draw the solution from the 
container and pump through the reactor, while the DC power supply was in operation. 
Pump flow rate was selected according to the desired HRT. Two samples were collected 
from the outlet for each run. For each experiment, two samples were collected after the 
system became stable (usually after about 4-5 times of the HRT). One sample was 
directly collected for chlorine detection. The second sample which was used for the 
analysis of E. coli or E. faecalis, was collected in to a bottle with 0.2% Na2S2O3. The 
detailed experimental setup is illustrated in Figure 3.1. 
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Reactor (20 Ti mesh 
anodes/ 20 Ti mesh 
cathodes), 1.2 L 
 
 
Figure 3.1: Experimental setup 
 
3.2.6. Kinetics of disinfection of E. coli and E. faecalis 
Disinfection experiments to study the disinfection kinetics were carried out using 
thee same setup which is shown in Figure 3.1. The only difference was that only 4 
electrodes (2 anodes and 2 cathodes) from the inlet end were in use.  Disinfection 
experiments were conducted at three different initial E. coli concentrations, 108, 107 and 
106 CFU/100ml in seawater electrolyte. For each initial concentration, a set of 
experiment was conducted at different level of energy consumptions per unit volume, 
by varying the HRT. Applied current to the system was maintained at 0.1 A for all the 
cases.  
During the study of E. faecalis, initial concentration was in the range of 1 × 103 - 2 × 
103 CFU/100ml. Applied current was 0.5 A and HRT was 30 s. After the 













Samples were collected at different time intervals.   
For each experiment (E. coli and E. faecalis), two samples were collected after the 
system became stable. One sample was directly collected for chlorine detection. The 
other sample was collected into a bottle with 0.2% Na2S2O3 (J.T. Baker, USA) for the 
enumeration of E. coli. 
Chlorine decay experiments were carried out in the kinetic study of E. coli, in order 
to simulate the possible chlorine decay inside the reactor. Seawater solution was 
contaminated with E. coli such a way that the E. coli concentration of the solution was 
108 CFU/100ml. This solution was used as the electrolyte for all the experimental runs. 
Two Ti mesh electrodes were connected to the DC power supply as anode and cathode. 
Distance between the electrodes was fixed to be 0.5 cm. Two electrodes were placed in 
a cylindrical batch reactor with 0.5 L of above electrolyte and used as the 
electrochemical reactor. Magnetic stirrer was used and the solution was slightly mixed 
during the experiments. DC power supply was switched on for time t1 and switched off. 
During the operation, applied current to the system was 0.04 A. Immediately after 
switched off power, measurement of total residual chlorine concentration was started 
and carried out for 20 min. Experiments were repeated for 5 different t1 values; 30 s, 40 
s, 60 s, 90 s, and 120 s with fresh electrolytes each time. In order to evaluate effects of 
mixing, experiments were done at three different levels of mixing after switch off 





3.2.7. Scanning electron microscope (SEM) study of E. coli 
Preparation of E. coli cells for SEM imaging was conducted according to the 
procedure described by Diao et al., (2004) with certain modifications. The procedure in 
brief is as follows. E. coli cells were concentrated by centrifuging at 10000 rpm for 10 
min (Jouan B4, France). Supernatant was discarded and the concentrated cells were 
resuspended in 2-3 ml of 0.9% NaCl solution. About 10 – 20 µL of the prepared cell 
suspension was transferred on to a piece of glass cover slip. The transferred suspension 
was covered using similar volume of 3 % glutaraldehyde buffered with phosphate 
buffer solution and kept for 2 h.  At the end of 2 h, glass slip was washed with 
phosphate buffer solution and fixed in 1 % osmium tetroxide. Glass slip was washed 
with phosphate buffer solution again and dehydrated using a series of ethanol solutions 
with concentrations of 10 %, 25 %, 50 %, 75 %, 90 % and 99 %. Following dehydration, 
sample was air dried for sufficient time. Then, sample was coated with Pt and image 
was captured using JEOL JSM-5600 LV SEM.  
 
3.2.8. Experiment design for the reactor optimization 
A statistical based response surface modeling methodology was used to optimize 
the reactor parameters to disinfect E. coli. Using this technique, factor settings can be 
found, in order to produce the best response. The statistical software, Minitab 15 
(Minitab Inc., USA) was the design tool. The design was created considering the two 
important reactor parameters, applied current and HRT, as “factors”. Initial 
concentration of E. coli in seawater was fixed at 106 CFU/100 ml for all the experiments 
and the final concentration was used as the “response”. The factors were simultaneously 
changed at two levels; high (+1) and low (-1). In this design, factors were ranged from 
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0.1-0.5 A and15-45 s for current and HRT, respectively. Central composite design was 
selected, according to the number of factors to be handled. Thirteen different 
experiments were conducted according to the above design, with different combinations 
of factors.  
  
3.2.9. Study of residual disinfection effect 
Re
 
sidual disinfection capacity of electro-disinfection was investigated. For these 
experiments, new experimental set-up was used. Figure 3.2 shows a schematic drawing 
of the new set-up.  
Seawater mixed with E. coli (≈ 106 CFU/100ml) was sent as two streams in to the 
separate reactors. Stream F1 was treated with electrochemical disinfection reactor and 
mixed at the second reactor with stream F2. F1 was fixed at 0.38 L/min while F2 was 
varied to achieve different HRTs in the second reactor. Electrodes were connected from 
the out let end of the electrochemical reactor and four electrodes were used in the study. 
Applied current was 0.1 A. At the second reactor (≈ 2 L, no electrochemical treatment), 
a mesh was used to enhance the mixing of the two flow streams. Two samples were 
collected at the end of second reactor (one for microorganism detection and the other 






Second reactor   
Seawater 
with E. coli 
 
Figure 3.2: Experimental setup to study the residual disinfection effect 
 
3.2.10. Pilot scale electrochemical disinfection setup 
Electrochemical reactor was scaled up to a pilot scale reactor setup (with linear 
scaling factor of 80) and studied for the disinfection of E. coli and E. faecalis. Rated 
capacity of the system in terms of the flow rate is 12 m3/h, which is 2% of the capacity 
of a typical ballast pump. However, the highest flow rate which is possible to reach 
using the pilot scale setup was 14 m3/h. Total volume of the reactor system is 100 L. 
Seawater was contaminated with microorganisms and pumped through two filters, 50 
µm and 10µm respectively, prior to entering the electrochemical reactor. 
Electrochemical reactor consists of 60 electrodes (30 anodes and 30 cathodes) and the 
set-up allowed varying the number of electrodes in-operation as required. Polarity of 
the electrodes was changed every one minute, in order prevent surface fouling of the 
electrodes. Two storage tanks with volume of 5 m3 each were used as intake tank and 
treated water storage tank.  Figure 3.3 shows the schematic diagram of the pilot scale 


















Figure 3.3: Schematic diagram of pilot scale system 
 
3.3. Other disinfection technologies 
3.3.1. Ultrasonic disinfection 
Seawater was mixed with E. coli such a way that the initial coliform concentration 
maintained around 105 CFU/100ml. Sterilized glass bottles of 100 ml volume were 
filled with the above prepared seawater solution and kept in the sonicator (Elma S40H, 
Elma- Germany) for various time intervals. Samples were collected at the end of 
reaction time and examined for E. coli concentration. Initial solution was filtered for 
study the initial E. coli concentration. Initial and final temperatures of the solution were 






3.3.2. Disinfection using heating 
Seawater was contaminated with E. coli. Initial concentration was maintained 
between 1.5 × 106 – 2.0 × 106 CFU/100ml. Sterilized glass beaker was filled with 500 
ml of abovementioned seawater solution. Temperature was maintained at 45 0C and 
samples were taken at different contact times for evaluation of E. coli concentration.  
 
3.3.3. Deoxygenation using Nitrogen bubbling  
1 L of seawater was contaminated with cultured E. coli to an initial concentration of 
about 1× 106 CFU/100ml. From the prepared initial solution, 600 ml was taken in to a 
cylindrical reactor. Rest of the solution was kept as a control. Nitrogen was bubbled in to 
the reactor at a flow rate of 100 ml/min while monitoring the dissolved oxygen (DO) 
concentration in the solution. It took about 2-3 min to complete the deoxygenation. 
Then, the reactor was sealed properly so that the DO concentration in the solution 
maintained <1 mg/L all the time. Sample was drawn using a tube with a syringe at 
different time intervals and was analyzed for E. coli concentration. 
 
3.4. Detection of disinfectants 
3.4.1. Determination of chlorine concentration 
Chlorine concentration was determined using HACH DR/2010 Spectrophotometer 
(HACH, USA). DPD colorimetric method was employed in the determination. In brief, 
the method is as follows. Two samples cells were thoroughly cleaned. A DPD reagent 
powder pillow was put in to one cell. 10ml of chlorinated sample was immediately 
transferred to the cell with reagent and mixed. Another 10 ml of the same sample was 
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poured in to the cell without reagent. Both cells were kept for 2 min. At the end of the 
reaction time of 2 min, another 15 ml of deionized water was added to the both cells and 
the cells were inverted with a cap few times. If chlorine was in the sample, pink color 
was developed. Cell without the reagent was used as the blank (“zero sample”) and the 
cell with reagent was used in the analysis. Reading was taken at 530 nm wave length. 
Spectrophotometer displayed the chlorine concentration according to the absorbance. 
 
3.4.2. Determination of ozone concentration              
Ozone concentration was determined using HACH DR/2010 Spectrophotometer 
(HACH, USA). Color bleach of indigo at the presence of ozone was the principle 
behind determination. The reagent prevented chlorine interference. In brief, the method 
is as follows. Two indigo reagent ampuls were used. One was filled with ozone-free 
water and used as the blank. The second ampul was immediately filled with the sample. 
Color bleach was determined at wave length of 600 nm. Spectrophotometer displayed 
the ozone concentration according to the absorbance. Three different ranges of reagents 
were utilized, according to the concentration of ozone to be determined.  
 
3.4.3. Qualitative analysis of hydroxyl (OH•) radical     
4-nitroso-N,N-dimethylaniline (RNO) was used in qualitative determination of OH•. 
The selective reaction with OH•, electrochemical inertness, and the ease in 
determination of color bleach (OH• bleaches the color of RNO) make RNO a good 
candidate in OH• determination (Jeong et al., 2006). However, it should be noted that 
the simultaneous chlorine production do affect the bleach and hence the electrolyte 
should be free of chloride ion. Na3PO4 was used as the electrolyte. Conductivity and pH 
 65
of Na3PO4 was adjusted to that of seawater prior to the experiments. RNO was 
dissolved in the Na3PO4 solution in such a way that the concentration was 2×10-5 M. 
Electrolysis was conducted using this electrolyte. Absorbance was read at a wave length 
of 440 nm.  
 
3.4.4. Use of OH• radical scavenger  
Iso-propanol was used as OH• radical scavenger. Initially, it was confirmed that up 
to a concentration of 0.05 M, iso-propanol was not affecting E. coli. 0.025 M of 
iso-propanol was added to the electrolyte and electrochemical disinfection experiments 
were carried out.  
 
3.5. Preparation and characterization of RuO2 coated Ti mesh electrode   
3.5.1. Preparation of RuO2 coated Ti mesh electrode 
Ti mesh (5 mm × 5 mm diamond shape, 1 mm thick) was purchased from 
Techmaster Engineering & Trading Pte Ltd (Singapore). Ti mesh was first cleaned 
using a 240 grid sandpaper. Then, the mesh was cut in to pieces of 2 cm × 2 cm. After 
that, those pieces were immersed in boiling, concentrated HCl (37%) for 30 min. After 
cleaning with HCl, they were rinsed with ultrapure water, and immersed in boiling 10% 
oxalic acid for another 30 min. This chemical treatment removes the oxide layers 
present on the Ti mesh (Feng and Johnson, 1991). At the end of the treatment, Ti 
meshes were rinsed with deionized water and dried in an oven. The pretreated Ti mesh 
pieces were used as substrate in preparation of RuO2 coated Ti mesh electrode. 
The RuO2 coated Ti mesh electrode was prepared based on a method explained by 
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Panic et al. (2000). However, parameters such as exact temperature and stirring speed 
were not given in the above literature, and therefore, those values were selected by the 
authors of current study. The procedure is as follows. RuCl3.x H2O was dissolved in 6 
M HCl solution and the concentration of RuCl3.x H2O was 0.5%. Then the solution was 
aged for different durations (3 h, 6 h, 18 h, 24 h, and 30 h) at a temperature of 85 0C, in 
an oil bath with a reflux condenser. As the principle behind the sol preparation is forced 
hydrolysis, oxygen intake was enhanced by using a magnetic stirrer and the stirring 
speed was 700 rpm. Prepared solution was further condensed to half of its initial 
volume by evaporating the solution at 35 0C.  
The resulted sol solution was brush coated on to the pretreated Ti mesh substrate. 
After each coating cycle, the electrode was calcinated at 450 0C for 10 min. The weight 
gain was monitored at the end of each cycle. Coating was continued until the weight 
gain was 1.5 ± 0.2 mg/cm2. After the final cycle, the calcination was conducted at 450 
0C for 1 h.  
 
3.5.2. Cyclic voltammetry           
Cyclic voltammetry (CV) was obtained for the electrodes using 
potentiostat-galvanostat equipment (Autolab PGSTAT302N, Eco Chemi, Netherlands). 
The electrode under study was used as the working electrode (WE). Ti mesh was used 
as the counter electrode (CE). Ag/AgCl  electrode was used as the reference electrode 
(RE). Scan rate was selected as 0.1 V/s. Range of voltage scan was from 0.2 V to 1.1 V. 
H2SO4 (0.5 M) was used as the electrolyte. Physical surface area of the electrodes was 
maintained at 2.75 cm2 in all the cases.  
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3.5.3. Chlorine production at constant voltage   
Experiments were carried out using a three-electrode cell connected to a 
potentiostat- galvanostat (Autolab PGSTAT302N, Eco Chemi, Netherlands). The 
electrode under study was used as the WE, while the CE and RE were Ti mesh and 
Ag/AgCl. Cell volume was 50ml and the electrolyte was seawater. Physical area of 
each electrode was 2.75 cm2. Voltage vs. the RE was maintained at 1.2 V. Electrolysis 
was carried out for 5 min at constant voltage and total chlorine concentration was 
measured.    
 
3.5.4. Accelerated lifetime test  
Accelerated lifetime test was carried out in an oxygen evolution environment. In 
order to doing that, 0.5 M H2SO4 was used as the electrolyte. The electrode under 
evaluation was used as the WE. Ti mesh and Ag/AgCl electrodes were used as CE and 
RE, respectively. Autolab potentiostat-galvanostat was used for the experiment. 
Physical surface area of the electrodes was maintained at 2.75 cm2 in all the cases. DC 
was applied in such a way that the Id was 350 mA/cm2. Voltage vs. the RE was 
measured at constant current mode until the increment in voltage compared to the initial 
value was 2 V or higher.  
 
3.5.5. Open circuit potential  
The same potentiostat-galvanostat was used in monitoring open circuit potential 
(OCP) of the prepared electrodes. Electrode under evaluation, Ti mesh electrode and 
Ag/AgCl electrode were used as WE, CE, and RE, respectively. Seawater was used as 
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the electrolyte. Chronopotentiometry with zero current was used as the method. The 
OCP was monitored until the value was stabilized.  
 
3.5.6. VA computrace study    
The study was carried out using Metrohm VA computrace -797 VA (Metrohm Ltd, 
Switzerland), in order to determine the Ru3+ concentration in sol solution at different 
aging times. The method was obtained from the Metrohm technical support team. It is 
as follows. Electrolyte for the determination was 0.1 M, NH4-acetate, pH 4.6. From 
each sol solution, 1 ml of sample was mixed in 20 ml of above electrolyte. Hanging 
mercury electrode was used as the WE. Pt rod and Ag/AgCl electrode were used as CE 
and RE, respectively. Peaks at -0.300±0.05 V were recorded as Ru3+. Ru3+ standard was 
used in standard addition steps and to verify the method (Ru3+ was measured from 
1mg/L to 0.1 mg/L to confirm the method). However, it should be noted that, this 
method may not be sensitive enough to evaluate Ru3+ at lower concentrations.  
 
3.5.7. Scanning electron microscopy and energy-dispersive X-ray spectroscopy 
studies  
Each analysis of scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy studies (EDX) were carried out using JEOL JSM-5600 LV SEM (Japan), 
integrated with EDX. SEM was used to observe the surface morphology, while the 




3.5.8. Batch experiments  
Batch experiments were carried out using a beaker as the reactor. Volume of the 
batch was selected according to the experiment. Two electrodes (one cathode and one 
anode) were dipped in the reactor with electrolyte. Area of anode which is dipped in the 
electrolyte was 2.75 cm2. Inter electrode gap for all batch experiments was 0.5 cm. 
Applied current was selected according to the requirement of the investigation. 







































DEVELOPMENT AND OPTIMIZATION OF ELECTROCHEMICAL 
DISINFECTION REACTOR 
 
An electrochemical disinfection reactor was designed, optimized, and successfully 
incorporated in disinfection of E. coli and E. faecalis. The preliminary studies 
conducted prior move on to the novel reactor design, the development and optimization 
of the electrochemical disinfection reactor, and the disinfection studies utilizing the 
developed reactor are discussed in this Chapter.    
 
4.1. Preliminary disinfection studies  
Several disinfection methodologies were studied prior to starting the 
electrochemical disinfection studies in order to compare the proposed electrochemical 
technology with other possible technologies. They are discussed in this section. 
 
4.1.1. Ultrasonic disinfection 
Figure 4.1 (a) shows the disinfection efficiency vs. contact time. According to the 
Figure, a disinfection efficiency of 99.7% was achieved after 90 min.  When the contact 
time was 90 min, temperature increased from 22 °C to 78 °C (Figure 4.1 (b)). This 
temperature increment may have helped the inactivation of organism. Therefore, it can 
be said that the above disinfection efficiency may not be solely due to the effect of 
ultrasonication. Final E. coli concentration at different contact times are compared with 
the IMO regulation for E. coli in discharging BW Figure 4.1 (c).  Ultrasonication 
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couldn’t attain the IMO regulation even after 90 min of treatment. Longer contact time 
will cause higher energy consumption and the technology will become inappropriate. 
        










































































Figure 4.1: Ultrasonic disinfection of E. coli (a) Disinfection efficiency vs. contact time 
(b) Change in solution temperature vs. contact time (c) Final E. coli concentration vs. 
contact time 
 
4.1.2. Disinfection using Heating  
Disinfection of E. coli was carried out at 45 0C for 120 min. At the end of the 120 
min of contact time, the disinfection efficiency was found as 99.21% (Figure 4.2 (a)). 
As illustrated in Figure 4.2 (b), the IMO regulation for disinfection of E. coli was not 
achieved during the contact time of 120 min. Long contact times must be needed to 
reach the IMO regulation. In order to increase the contact time, the treatment may have 
to be done inside the ballast tanks. In such situations, ballast tank coating layer may 
under a threat of damage due to increased temperature for a long duration of time.   
 
4.1.3. Disinfection using deoxygenation   
Removal of oxygen from the BW can create a hostile environment for microorganisms. 
Considering this fact, deoxygenation was investigated as a treatment technology. 
Results obtained are shown in the Figure 4.3 (a) and (b).  According to the Figure 4.3 
(a), complete removal of E. coli was achieved after 74 h, i.e. around 3 days. Control 
experiment showed only 63.29% disinfection during 74 h period. Comparison of the 
final E. coli concentration with IMO regulation is illustrated in Figure 4.3 (b). The IMO 
regulation was achieved after 72 h of treatment. Although this technology achieved the 
IMO regulation after about 3 days of deoxygenation, factors such as source of nitrogen 
supply during the voyage and required foot print can create problems at the point of 
application. It should be noted that the nitrogen consumption is about 300 ml per 1 L of 
seawater. Huge BW quantities may need an extensive amount of nitrogen for 
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deoxygenation.   
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Figure 4.2: Disinfection of E. coli using heating at 45 0C (a) Disinfection efficiency vs. 
contact time (b) Final E. coli concentration vs. contact time 
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Figure 4.3:  Disinfection of E. coli using deoxygenation of ballast water using nitrogen 









4.1.4. Preliminary study on electrochemical disinfection 
4.1.4.1. Effect of HRT and Id on the disinfection efficiency 
The disinfection efficiency vs. HRT and Id is illustrated in Figure 4.4. When the 
HRT is increased, disinfection efficiency increases. The enhancement is controlled by 
the Id. When the Id is at a higher level, the effect of HRT on the disinfection efficiency is 
rather limited. An Id of 51.5 mA/cm2 and a HRT of 20 seconds lead to an efficiency of 
99.9%. This illustrates that, if a lower HRT is applied (i.e. smaller reactor and/or higher 
flow rate of water), high disinfection efficiency can be achieved at a high Id. Besides, 
the IMO regulation for E. coli in discharging BW can be achieved if the Id is higher than 
6.4 mA/cm2, even within a HRT of 20 s (Figure 4.5).  It should be noted that the other 
disinfection technologies studied above need several hours of days in order to fulfill the 
IMO regulation.   
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Figure 4.4: Inactivation efficiency with HRT and current density 
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Figure 4.5: Final E. coli concentration vs. hydraulic retention time 
 
4.1.4.2. Effect of energy consumption 
The effect of energy consumption on the disinfection efficiency is an important 
measure, as energy cost plays a key role in treatment system for huge quantity of water. 
The energy consumption is defined as energy per unit volume of BW.  
Figure 4.6 shows the disinfection efficiency vs. energy consumption. If the energy 
consumption is very high, the effect of HRT on the disinfection efficiency is less 
significant. This result is comparative with the effect of Id explained above (Figure 4.4). 
On the other hand, if the HRT is higher, almost similar disinfection efficiency can be 
achieved with a lower energy input. For example, when the HRT was 2 min, 4.67 
kW·h/ton gave a disinfection efficiency of 99.75% while 18.67 kWh/ton resulted in a 
disinfection efficiency of 99.99 %. A system operated at a higher energy input can 
disinfect more microorganisms under a lower HRT. However, the situation slightly 
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changes when a low energy input is applied. For example, when HRT was 2 min and 
energy per unit volume was 1.75 kWh/ton, killing efficiency reduced to 97.5%. 
Therefore, these parameters have to be optimized in terms of required efficiency and 
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   20 s
 
Figure 4.6: Disinfection efficiency vs. energy consumption. Flow rates were0.15, 0.3, 
0.6, and 0.9 L/min at HRTs of 120, 60, 30, and 20 s, respectively. 
 
4.1.4.3. Total residual chlorine production vs. HRT 
In this study, electrochlorination is considered as a major mechanism of disinfection. 
The total residual chlorine concentration of the effluent was determined. As 
demonstrated in Figure 4.7, as the HRT of the system is increased, total residual 
chlorine production slightly increases. For example, when the current density, Id, was 
6.4 mA/cm2, a HRT of 2 min leads to a total residual chlorine concentration of 0.2 mg/L. 
At the same Id, when the HRT was 1 min, the total residual chlorine production slightly 
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decreases up to 0.18 mg/L. On the other hand, it can be seen that the effect of Id on the 
total residual chlorine production is more significant than that of the HRT.   
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Figure 4.7: Total residual chlorine with HRT and current density 
 
According to Figures 4.4-4.7, the optimal treatment results can be achieved by 
carefully controlling the applied current. An increase in Id from 6.4 to 51.5 mA/cm2 
leads to an increase in the total residual chlorine production from ~0.2 mg/L to >100 
mg/L. However, the enhancement in Id, slightly increases the disinfection from ~99.8% 
to ~99.9%.  These suggest that; (1) there should be an optimum total residual chlorine 
production, in order to attain certain disinfection efficiency; (2) there may be other 
mechanisms involved other than electrochlorination (e.g., formation of chemically 
active free radicals); and (3) Id should be optimized in order to achieve a desired level of 





4.2. Electrochemical reactor development and optimization 
Considering the findings gathered from the abovementioned preliminary work, a 
novel electrochemical disinfection reactor was developed and used in the disinfection 
of BW. Reactor parameters were optimized. The following discussion explains the 
investigations related to the reactor development and optimization.  
 
4.2.1. Electrochemical reactor design   
The reactor should be a flow through reactor as the final target is to implement the 
reactor in-line with BW intake flow. Flow through reactors are of two different types, 
namely, (a) completely mixed continuous flow reactor (b) plug flow reactor. Time to 
reduce a concentration C0 to Ce using above two reactors are as follows. 











t =     
It is clear that the time taken to reduce a concentration C0 to Ce is lower if plug flow 
reactor is employed. Therefore, during the design, it was decided to maintain the reactor 
flow behavior as close as possible to a plug flow. Dimensions were selected in such a 
way that the length is considerably higher compared to the width of the reactor. 
During the preliminary study, one of the drawbacks in electrochemical disinfection 
was the high energy consumption. Two factors may affect the higher energy 
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consumption.  
i) Bipolar electrode connection 
ii) Use of plate electrodes (low mass transfer and therefore to produce enough 
disinfectants, it is needed to apply higher energy) 
Thus, in the current reactor electrodes were connected in monopolar electrode 
connection. Ti plate electrodes were substituted by Ti mesh electrode. Ti meshes were 
placed in the reactor so that the flow is perpendicular the electro surface. This further 
enhances the mass transfer between the electrode and solution. Figure 4.8 (a) and (b) 
shows the developed reactor and electrical connection.  
 
    
(a) (b) 
 
Figure 4.8: Electrochemical disinfection reactor (a) Reactor with Ti mesh electrodes 
installed (b) Monopolar electrical connection. 
 
After the reactor was fabricated, actual flow behavior in the reactor was tested by 
injecting a concentrated NaCl solution. Results are shown in Figure 4.9 (a). Comparison 
was made between the results obtained and the expected flow pattern as shown in 
Figure 4.9 (b). It can be seen that the flow pattern in the designed reactor is closer to the 
non-ideal plug flow. Moreover, the peaks of the flow pattern represent the HRT of the 
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operation. When the flow rate is higher, or the HRT is shorter, the reactor flow behavior 
is even closer to the plug flow. Therefore, the subsequent studies were based on the 
assumption that the developed reactor represents a plug flow reactor. 

































Figure 4.9: Analysis of the flow behavior in the reactor (a) Experimental results of the 







4.2.2. Stability of the reactor performances over time 
The developed reactor was tested for the stability of its performances over time. The 
reason for this study was to see whether the time of sampling will affect the results. For 
example, if the reactor is not at the steady state while the sampling is conducted, 
reliability of data is at question.  Therefore, the reactor was run continuously for two 
hours at a constant current of 0.5 A, and voltage and chlorine production were 
monitored. HRT was fixed at 30 s.  
Results are shown in the Figure 4.10 (a) and (b).  According to the Figure 4.10 (a), 
voltage at constant current is stable over the period of 2 h. When it comes to the Figure 
4.10 (b), there can be seen some variations in total chlorine production compared to the 
voltage. However, changes lie between 1.82 to 2.15 ppm. The accuracy of the 
spectrophotometer which was used to measure chlorine is 0.05 ppm and thus the 
variation cannot be taken as a considerable difference. Further, the average and standard 
deviations of voltage and chlorine data are illustrated in the Table 4.1. The percentage 
deviation is lower 5% in both cases. Considering all these facts, it can be said that the 
reactor is steady enough in terms of its major parameters. During the rest of the studies, 
sampling was done after a time equivalent to 4 times of corresponding HRT.   
Table 4.1: Average and standard deviation values of reactor voltage and chlorine 
production 
 
 Voltage Total chlorine 























Time of observation, min
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Figure 4.10: Variations in reactor performance over time (a) Voltage vs. time of 
observation (b) Total chlorine production vs. time of observation. Specific surface area 









4.2.3. Optimization of the electrochemical reactor for disinfection of E. coli 
4.2.3.1. Design of experiments 
Response surface design methodology was used to design the experiments to 




The aim was to optimize the above two factors, in such a way that the final E. coli 
concentration (response) is 250 CFU/100ml. Two other responses, 1 mg/L of total 
residual chorine and 99.99% of disinfection were used as secondary targets.  
Considering the number of factors to be optimized, central composite design of 
response surface methodology was selected to create the set of experiments. The factors 
and levels (-1 for low end and +1 for high end) used in design are listed in Table 4.2.  
Table 4.2: Factors and levels used in the experimental design* 
 
Level HRT, s Current, A 
Low (-1) 15 0.1 
High (+1) 45 0.5 
   
* Low and high values of the factors were selected based on preliminary experiments.  
 
The central composite design consists of cube points, axial points, and center points. 
While cube points are coded to be -1 and +1 according to the Table 4.2, axial points are 
at (+α,0), (-α,0), (0,+α), and (0,-α). The value of α is defined as 4]2[ k
1
, where k is the 
number of factors. Hence, in this design, α is 1.414. Center is considered to be (0,0). 
Figure 4.11 shows the above explanation in graphical form. 
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Minitab 15, statistical software, was used to produce the design. According the 
above Figure, it is clear that, 13 different experiments are needed to be done. The 
outcome of experimental design is illustrated in Table 4.3.  Thirteen different 
experiments were carried out using the designed electrochemical disinfection reactor. 
 
Figure 4.11: Selection of experimental runs based on the central composite design 
 
Table 4.3: Design of experiments for optimization of electrochemical reactor 
parameters in E. coli disinfection. 
 
Virtual level of factors Level of factors Experiment # 
HRT Current HRT, s Current, A 
1 1.41421 0 51.2132 0.3 
2 0 0 30 0.3 
3 1 1 45 0.5 
4 0 0 30 0.3 
5 1 -1 45 0.1 
6 0 -1.41421 30 0.017 
7 0 0 30 0.3 
8 0 0 30 0.3 
9 -1.41421 0 8.7868 0.3 
10 -1 -1 15 0.1 
11 -1 1 15 0.5 
12 0 0 30 0.3 







4.2.3.2. Analysis and Optimization  
Three dimensional plot of disinfection efficiency vs. HRT and current is shown in 
Figure 4.12(a). It appears that the effect of HRT and current on the disinfection of E. 
coli is significant. Reduction of HRT or current reduces the disinfection efficiency.  In 
turn, the final E. coli concentration dropped very fast with increasing HRT and current 
(Figure 4.12 (b)). As shown in Figure 4.12 (c), the major contributing factor can be the 
electrochemically generated chlorine. For example, the total chlorine concentration 
increased from 0.01 mg/L to 1.5 mg/L, when the HRT and current changed from 30s & 
0.017 A (experiment #6) to 30 s and 0.3 A (experiment #2), respectively. Then, the 
disinfection efficiency increased from 0.00% to 99.99%. The final E. coli 
concentrations related to above two conditions were 7.7×105 CFU/100ml and 46.67 
CFU/100ml, respectively.  
Minitab 15 software was used to optimize the HRT and current to effectively 
disinfect E. coli. Major response considered was the IMO regulation, which is 250 
CFU/100ml. The target E. coli concentration was set to be 250 CFU/100ml. The 
resultant optimized parameters of HRT and current were 30 s and 0.3 A, respectively. 
Secondly, the attention was paid on the residual chlorine concentration. It is worth to 
noting that the residual chlorine concentration should be low enough to not cause any 
increased corrosion on ballast tanks as well as the concentration should be safe enough 
to discharge. On the other hand, there should be some residual capacity to disinfect 
organisms which cannot be killed during the online treatment, i.e. directly inside the 
reactor. Hence, the target value was selected as 1 mg/L of total residual chlorine. The 
optimized values for HRT and current under these conditions were found as 30 s and 0.3 
A, respectively. Then, the disinfection efficiency was considered as the response. 
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Selected efficiency was 4 log, i.e. 99.99%. Surprisingly, the same optimized parameters 
were gained for HRT and current. Therefore, it was concluded that the optimized HRT 
and current of the designed reactor to successfully disinfect E. coli are 30 s and 0.3 A, 






Figure 4.12: Three dimensional surface plots of electrochemical disinfection of E. coli 
in ballast water (a) Disinfection efficiency vs. HRT and current (b) Final E. coli 
concentration vs. HRT and current (c) Total chlorine concentration vs. HRT and current. 




 of reactor volume 
 
Specific energy consumption is the other important factor in electrochemical 
disinfection. If the energy consumption tends to be high, then the technology will 
become unappealing. As shown in Figure 4.13 (a) and (b), the specific energy 







































































Figure 4.13: Final E. coli concentration vs. energy consumption (a) Applied energy < 
0.002 kWh/m3 (b) Applied energy ≥0.004 kWh/m3. Specific surface area of electrode 
(based on anode) = 66.67 m2/m3 of reactor volume 
 
According to the above discussion, the designed electro-disinfection reactor is 
effective in disinfection of E. coli at low energy consumption and low HRT. The high 
conductivity of the seawater electrolyte can be greatly incorporated in the reduced 
energy consumption. Besides, it was experienced that the mesh configuration of the 
electrodes reduces the energy consumption (compared to the Ti plate electrodes used in 
preliminary study). Mesh configuration is beneficial due to its higher mass transfer 
compared to plate electrodes (Xu et al., 2008). Improved mass transfer enhances the 
indirect anode oxidation processes such as chlorine production and eventually resulted 




































4.2.4. Effect of number of electrodes 
Optimization of the electrochemical disinfection reactor was carried out using 40 
electrodes (20 anodes and 20 cathodes) installed throughout the reactor length. The 
associated material cost can be considerably high if the reactor is used with 40 
electrodes. Therefore, the attention was paid towards the possibility of reducing the 
number of electrodes, while maintaining the reactor performances.  
For this experiment, the same reactor was used. Number of electrodes was varying. 
The connection of electrodes was always started from the inlet end. Applied current and 
HRT of the reactor were set to 0.3 A and 30 s, respectively. Initial E. coli concentration 
was increased from 106 CFU/100ml (used for optimization experiments) to 107 
CFU/100ml, in order to avoid 100% disinfection in all the experiments.  
Figure 4.14 (a) shows the disinfection efficiency vs. number of electrodes. When the 
number of electrodes reduced from 40 to 2, disinfection improves from 88.5% to 100%.  
Possible reasons for this increment in disinfection efficiency when the number of 
electrodes is reduced can be found from Figure 4.14 (b) – (d). As illustrated in Figure 
4.14 (b), total residual chlorine production drops when increase the number of 
electrodes. When the chlorine production drops, disinfection should decrease. The 
reason behind the drop of chlorine concentration is the reduction in voltage (and energy 
applied) when use higher number of electrodes. In addition, reduction of generated 
chlorine at cathodes may have attributed to the lesser chlorine generation. This 
phenomenon is show in Figure 4.14 (c) & (d). For example, when the number of 
electrodes is 2, voltage is 3.94 V, whereas 40 electrodes need only 2.11 V. Therefore, it 
can be seen that the voltage affects chlorine production. So, when the number of 
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electrodes reduced, voltage to achieve 0.3A also reduced and as a result, disinfection 
efficiency also reduced.  
Therefore, it is decided to reduce the number of electrodes. However, the reduction 
should not increase the energy consumption considerably. Considering the acceptable 
energy consumption and higher efficiency in disinfection, it was decided to use 4 
electrodes (2 anodes and 2 cathodes) instead of using 40 electrodes. 



















































































Figure 4.14: Effect of number of electrodes on the reactor performances (a) 
Disinfection efficiency vs. number of electrodes (b) Total residual chlorine vs. number 
of electrodes. (c) Voltage to reach 0.3 A of current vs. number of electrodes (d) Energy 
consumption vs. number of electrodes. Specific surface area of electrode (based on 
anode): 3.33, 6.66, 13.34, 26.64, 39.96, 53.28, and 66.67 m2/m3 of reactor volume at 2, 
4, 8, 16, 24, 32, and 40 electrodes, respectively. 
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4.2.5. Residual disinfection capability of the electrochemical disinfection system  
HRT values in the second reactor (i.e. the reactor operate based on the residual 
disinfectants of the electrochemical reactor) correspond to the flow rate of stream F2 
are listed in Table 4.4.    
 
Table 4.4: HRT values of the second reactor at different F2 values 
 








As the flow rate to the electrochemical reactor (F1) was considerably low (0.38 
L/min), dilution effect is minimized (except for the F2 of 0.57 L/min). Total residual 
chlorine concentration coming out from the electrochemical disinfection reactor was 
5.1 mg/L. Once this stream (F1) mixed with the stream F2 in the second reactor, 
different residual chlorine concentrations were observed according to the flow rate F2 
(Figure 4.15 (a)). The concentrations were ranged from 0.03 mg/L – 1.13 mg/L. 
Disinfection efficiency due to the residual effect vs. the flow rate (F2) to the second 
reactor is shown in Figure 4.15 (b). Disinfection efficiency > 99.99 % was observed 
when the F2 was ≤ 2.15 L/min, i.e. when the HRT in the second reactor is ≥45 s. The 
chlorine concentration for above condition was higher than 0.46 mg/L. IMO regulation 
was fulfilled under the abovementioned experimental conditions. Therefore, it can be 
said that the electrochemical disinfected water can be used to further disinfect another 
untreated water stream, due to the residual capacity. This finding can be utilized in the 
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fresh water BW environments. Instead of adding salt to fresh BW, it is possible to use a 
side stream with salt and produce enough residual disinfectants to be later mixed with 
the main flow.    






















Flow rate F2, L/min



















Flow rate F2, L/min
 
Figure 4.15: Residual disinfection capacity of electrochemically treated water (a) Total 
residual chlorine concentration vs. flow rate to the second (untreated) reactor, F2 (b) 
Disinfection efficiency vs. F2. Specific surface area of electrode (based on anode) = 





4.2.6. Utilization of the electrochemical reactor for disinfection of E. faecalis 
The initial E. faecalis concentration in seawater was fixed in the range of ≈ 1 × 103 - 
2 × 103 CFU/100ml, as the actual concentration in seawater can be low. Preliminary 
study was conducted using the developed electrochemical reactor with 4 electrodes (2 
anodes and 2 cathodes), in order to understand the disinfection efficiency. Results 
obtained from the preliminary study are shown in Table 4.5.  
 
Table 4.5: Disinfection of E. faecalis using the developed electrochemical reactor: 
Preliminary study 
   











5 0.04 1.77 1.67 0.0049 87.43 
10 0.04 1.88 4.03 0.0104 94.77 
30 0.04 1.93 9.96 0.0321 99.25 
 
The results suggest that the disinfection of E. faecalis is difficult compared to the 
disinfection of E. coli. It is worthy to note that the HRT to disinfect E. coli to a level 
lower than the IMO regulation is only 30 s.  Contrary to expectations, disinfection of E. 
faecalis may needs to increase the HRT in the reactor to > 30 min. Reason behind this 
observation is the structure of the cell wall. E. coli are gram negative bacteria while E. 
faecalis are gram positive bacteria. The cell wall structure of the two types of organisms 
is shown in Figure 4.16. The peptidoglycan in gram negative cell wall is about 2-3 nm 
thick and chemical content of peptidoglycan is about 10-20 %. In contrast, the 
concentration of peptidoglycan in gram positive cell is as high as 60-90% and the 
thickness is 20-80 nm. This peptidoglycan prevents the osmotic lysis and hence, the 
disinfection of E. faecalis is difficult compared to E. coli.        
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 Figure 4.16: Cell wall structure of gram positive and gram negative bacteria. 
   
As the shorted HRT is one of the major advantages of the electrochemical 
disinfection, it was decided to maintain the reactor HRT at 30 s.  Thus, the water to be 
disinfected was first sent through the disinfection reactor at a HRT of 30 s and current 
applied was 0.5 A (corresponding voltage = 2.42 V). Then, the electrochlorinated water 
was collected to a beaker with 1 L of volume. This process can be easily simulated in 
the actual ballasting process by generating disinfectants in the reactor (HRT= 30 s) and 
then sending the water with residual chlorine to the ballast tanks. Ship travels for few 
days (or even few weeks). Thus, tough organisms including E. faecalis can be 
disinfected with no effect on the energy consumption. The collected water was 
investigated at different time intervals for total residual chlorine concentration and the 
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Figure 4.17: Disinfection of E. faecalis (a) Disinfection efficiency vs. contact time (b) 
Final E. faecalis concentration vs. contact time (c) Total residual chlorine concentration 
vs. contact time. Specific surface area of electrode (based on anode) = 13.34 m2/m3 of 
reactor volume 
 97
It was found that, extended contact time can act as a successful method for E. 
faecalis disinfection. According to Figure 4.17 (a) and (b), IMO regulation for 
Enterococcus in BW is achieved after a contact time of 2 h, irrespective of the initial 
concentration of E. faecalis. It should be noted that the disinfection efficiency at time 
zero is not zero, as the time zero is the end of 30 s HRT inside electrochemical reactor. 
Figure 4.17 (c) shows the decay of total residual chlorine in the beaker (i.e. a batch 
reactor) with time. Initial chlorine production of 3 mg/L reduced to 1.5 mg/L after a day. 
The specific energy consumption under these conditions was 0.008 kWh/m3. This 
condition can be simulated to treat BW using the reactor, and then keep in the ballast 
tank during the journey to extend the contact time.     
 
4.3. Pilot scale study 
The electrochemical disinfection system which has been studied in the laboratory is 
scaled-up to a pilot scale reactor and tested for the production of chlorine, disinfection 
of E. coli and disinfection of E. faecalis.  
 
4.3.1. Chlorine production experiments 
Amount of chlorine which can be produced by the system is crucial for the 
effectiveness of the electro-disinfection system. According to our laboratory scale study, 
0.3 A of current and 30 s of HRT produced enough chlorine for the disinfection of E. 
coli. The amount of chlorine was around 1-1.5 mg/L. Thus, our first target was to check 
the ability of chlorine production using the pilot scale reactor, under different 
operational conditions. The experiments carried out and the results are discussed below. 
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 (a) Effect of current 
Several experiments were conducted to evaluate the effect of current on the system 
performance. For these experiments, flow rate to the reactor was fixed at 12 m3/h (i.e. 
HRT ≈ 30 s) and number of electrodes in the system was 60 (30 anodes and 30 
cathodes). Results are shown in Figure 4.18. According to the Figure, chlorine 
production is linearly related to the applied current. In order achieve 1.5 mg/L of 
chlorine, we need to apply about 46.5 A of current. However, according to the scale 
factor, the current needed to produce 1.5 mg/L should be 24 A. Moreover, the required 
energy also increased from 0.004 kWh/m3 to 0.013 kWh/m3. There can be two major 
reasons for this behavior.  
z Exact linear scale-up may not be fair enough to describe the pilot scale and 
laboratory scale reactors.   
z The increase in energy consumption may have attributed to the lengthy 
wires used in the electrical connections, compared to the bench scale reactor system.   
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Figure 4.18: Effect of current on chlorine production of the pilot scale reactor system. 
Specific surface area of electrode (based on anode) = 13.34 m2/m3 of reactor volume 
 
(b) Effect of flow rate  
Considering the above results, applied current was fixed to 48 A, in order to study 
the effect of flow rate. All 60 electrodes were used for this experiment. Flow rate values 
and the corresponding HRTs (to the nearest second) are shown in Table 4.6.  
 
Table 4.6: Flow rates and corresponding hydraulic retention times used in the study. 
 









Results are shown in Figure 4.19. According to the Figure, chlorine production and 
the flow rate are not linearly related. When the flow rate is increasing, rate of reduction 
in chlorine production reduced. For example, when the flow rate was increased from 2.5 
m3/h to 5 m3/h, chlorine production dropped from 7.6 mg/L to 4.48 mg/L (i.e. 43%). 
However, when the flow rate increased from 10 m3/h to 14 m3/h, chlorine production 
only dropped from 1.87 mg/L to 1.62 mg/L (i.e. 13 %). Therefore, we can reduce the 
HRT even up to ≈ 20 s, without facing a problem of “enough” chlorine production.      





















Figure 4.19: Effect of flow rate on chlorine production. Specific surface area of 
electrode (based on anode) = 13.34 m2/m3 of reactor volume 
 
(c) Effect of number of electrodes 
In the pilot scale reactor, 60 electrodes are in operation. However, according to the 
experience in the laboratory scale study, it was realized that the number of electrodes 
can be reduced. This will reduce the material cost of our system.  
Chlorine production was evaluated using 2, 4, 8, 16, 30, and 60 electrodes. Applied 
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current was 30 A. The value was selected based on; 
z The fact that more chlorine can be produced when uses lower number of 
electrodes (so, it is not necessary to go up to 47-48 A).  
z When use low number of electrode, if the applied current is too high, 
connection wires become hot due to high current and voltage on few electrodes. 
Results of the experiment are illustrated in Figure 4.20.  


































Figure 4.20: Effect of number of electrodes on system performance. Specific surface 
area of electrode (based on anode): 3.33, 6.66, 13.34, 26.64, 49.95, and 99.6 m2/m3 of 





In order to select the number of electrodes for future work, two factors have to be 
considered. 
i. Chlorine production 
ii. Energy consumption 
When the number of electrodes are low, chlorine production is high, however the 
energy consumption is higher as well. On the other hand, although the energy 
consumption is low, chlorine production is also lower when use higher number of 
electrodes. Therefore, the selection was done considering enough chlorine production 
as well as acceptable level of energy consumption. According Figure 4.20, the selected 
number of electrodes was 8.  
 
4.3.2 Disinfection of E. coli using the pilot scale reactor system 
Disinfection of E. coli was carried out. For this work, number of electrodes used 
was 8, based on the early experiments. Effect of current and flow rate were studied and 
results are shown in Table 4.7 and Table 4.8.  
Table 4.7: Effect of current on disinfection of E. coli. Test conditions: Flow rate=12 
m3/h, Number of electrodes=8, Initial E. coli concentration ≈106 CFU/100ml. Specific 
surface area of electrode (based on anode) = 13.34 m2/m3 of reactor volume 
 
Current, A Initial E. coli, CFU/100ml 
Final E. coli, 
CFU/100ml Chlorine, mg/L 
Disinfection 
efficiency, % 
12 1.09×106 100 0.41 99.99 
24 1.09×106 0 1.72 100.00 
36 1.09×106 100 2.51 99.99 
48 1.09×106 0 2.69 100.00 




Table 4.8: Effect of flow rate on disinfection of E. coli. Test conditions: Current=24 A, 
Number of electrodes=8, Voltage=3.1 V, Initial E. coli concentration ≈106 CFU/100ml. 
Specific surface area of electrode (based on anode) = 13.34 m2/m3 of reactor volume 
 
Flow rate, m3/h Initial E. coli, CFU/100ml 
Final E. coli, 
CFU/100ml Chlorine, mg/L 
Disinfection 
efficiency, % 
12 9.1×105 0 1.78 100.00 
10 9.1×105 0 1.9 100.00 
7.5 9.1×105 0 3.54 100.00 
5 9.1×105 0 4.76 100.00 
2.5 9.1×105 0 6.26 100.00 
 
According to the bench scale study, the optimized current and HRT were 0.3 A and 
30 s. Considering the scale factor, corresponding current and flow rate are 24 A and 12 
m3/h (i.e. HRT≈30 s). It is clear that, the pilot scale results confirm the results which 
were obtained in the bench scale. More than 4 log disinfection is observed for all the 
cases. Considering 24 A, 3.1 V and the flow rate of 12 m3/h (i.e. HRT of 30 s), energy 
consumption to achieve complete removal of E. coli is 0.0062 kWh/m3. Meanwhile, the 
above results confirm that the system can disinfect E. coli below the value specified by 
IMO (250 CFU/100 ml) within 30 s of HRT. 
 
4.3.3 Disinfection of E. faecalis using the pilot scale reactor system 
Disinfection of E. faecalis was carried out in the pilot scale study. Five meter cube 
of seawater was pumped through the electro-disinfection system. Current applied was 
48 A and the flow rate was 12 m3/h (HRT=30 s). Initial chlorine concentration was 3.29 
mg/L. E. faecalis was added to the seawater with chlorine. Seawater was mixed after 
adding the bacterium with a stirrer rod. Amount of E. faecalis was monitored for five 
hours. Results are shown in Table 4.9. 
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According to the Table 4.9, it is clear that the IMO regulation (100 CFU/100ml) is 
achieved after a contact time of 90 min. During the laboratory scale, about 2 h of 
contact time was provided to reach the IMO regulated value for E. faecalis. However, 
the initial bacteria concentration was only 2200 CFU/100ml while the chlorine 
concentration was 3 mg/L during the laboratory scale. Compared to the laboratory scale, 
the disinfection efficiencies are higher in the pilot scale study. Factors such as mixing 
and slightly higher amount of chlorine production compared to the laboratory scale 
study may have attributed to the better disinfection efficiency. 
Table 4.9: Disinfection of E. faecalis using the pilot scale electrochemical disinfection 


















0 3.29 2.30x104 2.30x104 0 
1 2.96 2.30x104 5.1 x10
3 77.82 
5 2.68 2.30x104 3.0 x103 86.96 
10 2.79 2.30x104 2.0 x103 91.30 
20 2.83 2.30x104 1.0 x103 95.65 
30 2.70 2.30x104 8.0 x102 96.52 
60 2.55 2.30x104 1.0 x102 99.57 
90 2.60 2.30x104 0 100.00 
120 2.42 2.30x104 0 100.00 
180 2.34 2.30x104 0 100.00 
240 2.32 2.30x104 0 100.00 




This chapter shows that the developed reactor is capable of disinfecting both E. coli 
and E. faecalis successfully. HRT and energy consumption per unit volume of ballast 
water are low and thus the reactor is with lower foot print and is energy efficient. Pilot 














































MODELLING STUDY OF THE KINETICS OF DISINFCTION USING THE 
DEVELOPED ELECTROCHEMICAL TECHNOLOGY  
 
Kinetics of disinfection of developed electrochemical disinfection reactor was 
studied and modeled for two bacteria, E. coli and E. faecalis. Development of kinetics 
models are revealed in this Chapter.  
 
5.1. Kinetics of disinfection of E. coli 
5.1.1 Disinfection performance of the electrochemical reactor 
Disinfection performance of the electrochemical reactor under three different initial 
E. coli concentrations and different energy consumptions is shown in the Figure 5.1. As 
shown in Figure 5.1, it is clear that, irrespective of the initial concentration of E. coli, 
the system achieved complete removal at very low levels of energy consumption. For 
example, at the highest initial E. coli concentration, 108 CFU/100ml, the complete 
removal occurs at 0.0090 kWh/m3 of seawater. Corresponding HRT of the reactor is 150 
s. Energy consumption (and HRT) to achieve complete inactivation decreases with 
decreasing the level of E. coli (see Fig. 5.8). When the initial concentration is 107 
CFU/100ml and 106 CFU/100ml, energy consumption for complete removal is 0.0074 
kWh/m3 and 0.0035 kWh/m3, respectively, while the HRT is 120 s and 60 s.  
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Figure 5.1: Disinfection efficiency vs. energy consumption. Specific surface area of 
electrode (based on anode) = 13.34 m2/m3 of reactor volume. 


























Figure 5.2: Total residual chlorine concentration vs. HRT for different initial E. coli 




Total residual chlorine concentrations at the above three conditions are shown in 
Figure 5.2. When the initial E. coli concentration increases, the total residual chlorine 
concentration decreases. Increased chlorine demand at higher concentration of E. coli is 
the reason behind this decrement. Similar findings were reported by Hunt and Marinas 
(1999) in their study on disinfection of E. coli using ozone. In their research, it was 
found that the total organic carbon (TOC) concentration of E. coli cell is 2.56 (±0.10) × 
10-10 mg C/CFU. Further, the researchers proposed that the “oxidizing agent demand 
can be exerted by carbon double bonds of unsaturated fatty acids present in the cell wall 
and membrane”. Therefore, if the number of cells per unit volume is increased, the 
chlorine demand can be expected to increase.  
Total residual chlorine concentrations follow linear relationships with HRT for each 
E. coli concentration (see Table 5.1). Further, it was found that, for all three initial 
concentrations, total residual chlorine concentration to achieve the complete 
inactivation was lower than 2 mg/L. 
 
Table 5.1: Linear relationships between total residual chlorine production and HRT for 
different initial E. coli concentrations. Specific surface area of electrode (based on 
anode) = 13.34 m2/m3 of reactor volume. 
 




108 y=0.863 x 0.977 
107 y=1.0389 x 0.980 
106 y=1.1764 x 0.996 
 
* Where y= total residual chlorine concentration and x= HRT in min 
 
According to the above results, the designed electro-disinfection reactor is effective 
in disinfection of E. coli at low energy consumption and low HRT. Plug flow reactor 
(PFR) design concept which was discussed under Chapter 4 may have improved the 
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efficiency of the reactor. In addition, high conductivity of seawater electrolyte can 
greatly incorporated in the reduced energy consumption. Besides, it was experienced 
that the mesh configuration of the electrodes reduces the energy consumption (results of 
electrode comparison are discussed in the next Chapter). Mesh configuration is 
beneficial due to its higher mass transfer compared to plate electrodes (Xu et al., 2008). 
Improved mass transfer enhances the indirect anode oxidation processes such as 
chlorine production and eventually resulted in higher disinfection efficiency at lower 
energy inputs. 
 
5.1.2. Major mechanism(s) of disinfection 
Major mechanism(s) which is involved in the electrochemical disinfection of E. coli 
in seawater has to be identified in order to develop the model for disinfection kinetics. 
The following discussion explains the findings related to the major disinfection 
mechanism of E. coli in seawater.       
During the process of electrochemical disinfection, several disinfection agents can 
be formed. 
At the anode, Chloride (Cl-) ions in seawater are oxidized to form Cl2.  
)1.5.........(................................................................................22 2
−− +→ eClCl   
Produced chlorine gas dissolves in water and subsequently produces HOCl and OCl- 
following the reactions (5.2) and (5.3). 
)2.5......(............................................................22
+− ++⇔+ HClHOClOHCl   
)3.5.....(................................................................................+− +⇔ HClOHOCl   
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HOCl and OCl- are known to be active disinfectant agents. Simultaneously, oxygen 
evolution occurs at the anode. 
)4.5.......(......................................................................442 22
−+ ++→ eHOOH   
Oxygen can be reduced to hydrogen peroxide. 
)5.5........(......................................................................22 222 OHeHO →++ −+   
There is a possibility to produce hydroxyl radicals ( ) at anode (equation 5.6). 




+−• ++→ HeOHOH   
Water can be oxidized to ozone at the anode as shown in equation 5.7. 
)7.5........(......................................................................663 32
−+ ++→ eHOOH   
The agents such as H2O2, OH• radicals, and O3 are capable of inactivating 
microorganisms. Further, there is a possibility of disinfection due to the direct electric 
shock (Patermarakis et al., 1990; Matsunaga et al., 2000; Drogui et al., 2001; Deborde 
et al., 2008). Due to the complex nature of possible disinfectants, it is not easy to 
pinpoint the exact mechanism of disinfection during the process of electrochemical 
disinfection.  
However, in the system described in this study, the electrolyte is rich in chloride ion 
which can eventually oxidize to chlorine as explained above. Therefore, it was 
suspected that the effect of chlorine can be one of the major disinfection mechanisms 
for the current system. In order to investigate the effect of chloride ion on disinfection, 
Na3PO4, a chloride-free electrolyte, was used and the results were compared with that 
of seawater electrolyte. Results of the study are demonstrated in Figure 5.3.  
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Figure 5.3: Comparison of efficiency of disinfection in seawater electrolyte and 
chloride-free electrolyte. Specific surface area of electrode (based on anode) = 13.34 
m2/m3 of reactor volume. 
 
As shown in the Figure, it is clear that the disinfection efficiency when use Na3PO4 
as the electrolyte is far behind that of the seawater electrolyte. At an energy 
consumption of 0.004 kWh/m3, disinfection efficiency of the system with Na3PO4 is 
only 22.9 %. At the similar energy consumption, system with seawater achieves 
complete removal of E. coli. Therefore, it is clear that if the electrolyte is rich with 
chloride ion, produced chlorine enhances the disinfection efficiency. As such, it is 
anticipated that the major disinfection agent of the present system can be 
electrochemically generated chlorine, while the contribution of the other mechanisms 
can be about 20 %. 
In order to further confirm the increased effect of chlorine in disinfection when 
seawater is used as the electrolyte, morphological changes of E. coli cells due to the 
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disinfection in seawater environment was studied through SEM observation. E. coli 
cells before disinfection was compared with electrochemically disinfected cells and 
chlorinated (using NaOCl) cells. SEM images are shown in Figure 5.4 (a)-(c). 
According to the Figure 5.4 (a) and (b), the cell morphology after disinfection using the 
electrochemical disinfection system and NaOCl possesses similar changes compared to 
the cells before disinfection (Figure 5.4 (c)). The cells before disinfection are smooth 
and rod-shaped, and no damage or cell lysis can be observed. Meanwhile, morphology 
of the disinfected cells (both electrochemically and chlorinated) shows that the cell 
membrane is destroyed and the cells have turned “sticky”. The cell membrane 
disruption is one of the known mechanisms of chlorine disinfection of bacteria 
(Macauley et al., 2006; Solomon et al., 1998; Venkobachar et al., 1977). Therefore, it 
can be speculated that the cell damage due to the electrochemical disinfection is similar 
to that of the chlorination. Thus, the major mechanism of electrochemical disinfection 















Figure 5.4: Morphological changes in E. coli (a) after electrochemical disinfection (0.1 
A, 2 min) (b) after chlorination using NaOCl (total residual chlorine concentration of 2 




Considering the results obtained by chloride ion free electrolyte and SEM images, it 
can be said that the major disinfection mechanism of electrochemical disinfection is 
electro-chlorination while the other possible disinfection mechanisms play minor roles. 
This finding is different from the findings of Li et al. (2004), where the elevated effect 
from oxidants such as free radicals compared to effect of chlorine has reported. In the 
study of Li et al. (2004), the anode is RuO2 and TiO2 coated Ti rod while, in this study, 
anode is uncoated Ti mesh. Activity of the coated electrode surface materials may have 
enhanced the production of disinfectants other than chlorine, compared to the uncoated 
Ti mesh. In addition, in our study, electrolyte is seawater which contains 16500 mg/L of 
chloride ion concentration while the maximum quantity of chloride ion in the study of 
Li et al. (2004) is 3550 mg/L (i.e.0.1 M NaCl). Higher chloride content in seawater may 
have enhanced the chlorine production over other disinfectants. Therefore, it should be 
noted that the major killing mechanism can be varied according to the anode material as 
well as the electrolyte. 
 
5.1.3. Chlorine decay  
In the developed reactor, electrodes are placed closer to the inlet, and compared to 
the length of the reactor (30 cm) the length covered by electrodes (2 cm) is small. 
Considering the PFR behavior, upon dissolving, chlorine concentration can be reduced 
along the reactor volume due to the chlorine decay. When it comes to the development 
of kinetics of disinfection (discussed in a later section of this Chapter), chlorine decay 
pattern of the electrochemical disinfection is important. However, due to the high flow 
rates and nature of the reactor, sampling along the reactor itself for detection of chlorine 
along the reactor was impractical. Therefore, the conditions in the reactor were 
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simulated according to the explanation in section 3.2.6. Highest E. coli concentration 
under consideration was used, as it may give the worst possible scenario. Different 
operating periods represents the different initial concentrations of chlorine due to 
different HRT in the reactor. Figure 5.5 shows the results of the study. 







 t1 =   30 s
 t1 =   40 s
 t1 =   60 s
 t1 =   90 s











Contact time after switch off power, min
 
Figure 5.5: Chlorine decay at different levels of initial total chlorine concentrations 
 
Results shown in the Figure 5.5 were fitted with first order exponential decay 
represent by the equation 5.8 (Clark et al., 2002). 
 
)8.5.........(............................................................BxAey −=    
Where: 
 y = Total chlorine concentration, mg/L 
 x = Contact time after switch off power, min 
 A = Initial concentration of total chlorine, mg/L 
 B = Chlorine decay coefficient, min-1
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Parameters obtained for five different t1 values are tabulated in Table 5.2. According 
to the Table 5.2, the important observation is that the decay coefficient is in the same 
range irrespective of the initial chlorine concentration. Standard deviation is as low as 
0.008 and therefore, it is fair to assume the chlorine decay coefficient as the average of 
five coefficients obtained, i.e. 0.050 min-1. Therefore, chlorine decay can be represented 
by the equation 5.9.  
)9.5.(............................................................050.0 xAey −=     
     
Table 5.2: Parameters of chlorine decay under different values of t1
Initial total chlorine concentration 
(mg/L) t1 (s) 





30 0.41 0.3795 0.044 0.9753 
40 0.44 0.4042 0.052 0.9802 
60 0.79 0.7389 0.038 0.9616 
90 1.08 0.969 0.053 0.9649 
120 1.39 1.23 0.061 0.9638 
Average 0.050 - 
Standard deviation 0.008 - 
 
To evaluate the possible influence of water turbulence on the chlorine decay, a set of 
experiments were conducted. As shown in Figure 5.6, the results obtained at different 
levels of mixing suggested that there is no effect from mixing on decay. 
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Figure 5.6: Chlorine decay at different levels of mixing 
 
5.1.4. Kinetics of disinfection 
Disinfection kinetic of E. coli using the designed electrochemical reactor was 
developed considering the mass balance of the reactor. For this purpose, reactor was 
considered to as a PFR. Moreover, electrodes are placed perpendicular to the flow and 
mesh configuration of electrodes provides better mass transfer between the bulk anf the 
reactor. Thus, the homogeneity of the disinfectants in the system is expected and 
substantial cross-sectional variation is not expected. Development of the kinetic model 
is described in the following discussion. 
It was first assumed that the disinfection of E. coli was due to the 
electro-chlorination based on the results discussed in section 5.1.2. Therefore, 
following reaction can be considered to be the reaction between chlorine and E. coli.  
     )10.5...(......................................................................DmBnA →+
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Where; 
A = E. coli 
B = Chlorine 
m ,n= Constants  
D = Products 
 
For the first trial, it was assumed that the constant n=1. 
So, the reaction rate based on disinfection of E. coli can be written as; 
 
)11.5......(................................................................................mBAA CkCr ⋅−=   
          
Where; 
CA = Concentration of E. coli, CFU/ml 
CB = Concentration of total chlorine without E. coli in the electrolyte, mg/L 
k = Reaction rate constant, [(1/min)·(L/mg)m] 
 
Figure 5.7 shows the model of the reactor which was considered in the development 
of disinfection kinetics. 
  
 
Figure 5.7: Reactor model considered in the mass balance analysis for development of 



















 Mass balance for E. coli considering the control volume; 
Accumulation = In – Out – Loss + Production ……………………..(5.12)   
As we cannot expect any accumulation or production of E. coli, equation 5.12 can be 
simplified to; 







 Assuming the steady state; 
)15.5.....(............................................................dVCCkdCQ BAA ⋅⋅⋅−=⋅   
Maximum HRT to achieve complete removal of E. coli is 2.5 min and corresponds 
to the initial E. coli concentration of 108 CFU/100ml. All the other HRT values under 
consideration are lower than that. So, considering equation 5.9, it can be said that the 
chlorine decay during the experiments is negligible. Therefore, it can be said that the 
chlorine concentration along the volume of the reactor is a constant. Considering the 






A ∫⋅−=∫     
 









At ⋅⋅−=  
Where: 
 CA0 = E. coli concentration of the reactor influent 




V =   
Where;  









At ⋅⋅−=    
       
The above equation is virtually similar to the Chick-Watson law for batch reactor, 
considering the reaction constant (k) is related to the disinfectant concentration (C) by 
k=k’Cn (Hass, 2002).  Kinetics of disinfection for three different initial concentrations 
of E. coli were evaluated considering the equation 5.17. In order to obtain the k and m 
values, MATLAB 4.6 was used. Minimizing the error sum of square (ESS) was used as 










ESS −∑= CC  
Obtained values of k and m are shown in Table 5.3. According to the parameters 
shown in Table 5.3, two important features can be found. First, the reaction rate 
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constant is increasing with decreased initial E. coli concentration. Second, the value of 
m is reducing with reduced initial E. coli concentration. It should be noted that, when 
the value of m is high, disinfection effectiveness decreases rapidly as concentration of 
disinfectant is decreased; i.e. the effect of chlorine concentration is more prominent if 
the m value is high (Hendricks, 2006). Therefore, it can be said that, when the initial E. 
coli concentration is high, the rate of disinfection is low, and the chlorine concentration 
affects more on disinfection.  
Jeong et al. (2006) reported a reduction in disinfection with increased amount of 
initial population of E. coli in their study of electrochemical disinfection to disinfect E. 
coli in KH2PO4. The authors suggested one of the reasons can be the higher 
consumption of oxidants if the initial concentration of bacteria is high. In addition, as 
explained in the section 5.1.1., similar findings were reported by Hunt and Marinas 
(1999) in their study on disinfection of E. coli using ozone. In their research, it was 
found that the total organic carbon (TOC) concentration of E. coli cell is 2.56 (±0.10) × 
10-10 mg C/CFU. The researchers proposed that the “oxidizing agent demand can be 
exerted by carbon double bonds of unsaturated fatty acids present in the cell wall and 
membrane”. Therefore, if the number of cells per unit volume is increased, the chlorine 
demand can be expected to increase. This fact is further supported by the data presented 
in Table 5.1 of this study. It is clear that the produced chlorine is consumed by 
microorganisms and thus the demand for chlorine increased at higher initial 
concentrations.  Therefore, a reduction in rate and increment in m value can be 
expected at higher initial concentrations.  Besides, the ESS values are low, proving that 
the model properly fits the observed data.  
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Table 5.3: Kinetic parameters and ESS of kinetic modeling for different initial E. coli 
concentrations 
 
Initial E. coli concentration (CFU/100ml)  
108  107 106
k 0.8199 6.7172 22.9279 
m 0.6682 0.3013 0.1645 






















 108 CFU/100ml, observed
 108 CFU/100ml, calculated
 107 CFU/100ml, observed
 107 CFU/100ml, calculated
 106 CFU/100ml, observed
 106 CFU/100ml, calculated
 
Figure 5.8: Kinetic modeling: comparison of observed survival ratios with calculated 
survival ratios (using model) vs. hydraulic retention time. Specific surface area of 
electrode (based on anode) = 13.34 m2/m3 of reactor volume. 
 
Disinfection kinetics is further illustrated using Figure 5.8. As can be seen in Figure 
5.8, when the HRT is 0.167 min (10s), the model predicted survival ratio is lower 
compared to the observed survival ratio (i.e. the model predicted disinfection efficiency 
is higher compared to the actual value). Unsteady behavior of rector at such a low HRT 
can be the reason behind this deviation. In addition, deviations in actual flow pattern 
from the ideal plug flow to non-ideal plug flow may have contributed to the error. 
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Models for n≠1 were tested and found that those models do not describe the observed 
data. 
 
5.2. Kinetics of disinfection of E. faecalis 
In order to study the kinetics of disinfection, two different initial concentrations of E. 
faecalis were used. Experimental procedure which is explained under section 3.2.6 was 
followed for two different initial concentrations of E. faecalis, about 103 CFU/100ml 
and about 2×103 CFU/100ml. Seawater with E. faecalis was pumped through the 
electrochemical disinfection reactor at a HRT of 30 s and the water was collected in a 
beaker with 1 L volume. Time taken to collect 1 L was as short as 25 s (note that the 
disinfection efficiency at a HRT of 5 min in the reactor was only 87.43%). Therefore, 
the expected disinfection efficiency at the outlet of the reactor is low compared to that 
along the total contact time inside the beaker. 
Considering the above facts, it was assumed that the disinfection occurred in a batch 






A −=  
Where; 
CA= Concentration of E. faecalis, CFU/100ml 
CB = Concentration of total chlorine without E. faecalis in the electrolyte, mg/L 
k = Reaction rate constant, [(1/h)·(L/mg)]  
t= contact time, h 
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When it comes to the integration, it should be noted that the CB is a function of time. 
Therefore, the suitable decay function for the chlorine should be used. For this purpose, 
data related to the chlorine decay when no E. faecalis was in the electrolyte was used. 
Due to the duration of consideration is several hours, chlorine decay followed the first 





, with R2 value of 0.94, where; 
y0= y offset 
A1= amplitude 
t2= decay constant 
Observed and calculated chlorine decay without E. faecalis in the electrolyte is 
shown in Figure 5.9.  




























Figure 5.9: Observed and calculated chlorine decay in electrolyte without E. faecalis. 
y0= 1.74025 mg/L, A1= 1.13804 mg/L, t2= 7.65207 h-1. 
 
The decay function was substituted to the equation 5.19 and integrated to obtain the 













C −−+−=  
 
Where: 
CA0 = E. faecalis concentration of the reactor influent 
CAt = E. faecalis concentration of the reactor effluent 
The next task was to find the k values at two different initial E. faecalis 
concentrations. Minimizing the error sum of square (equation 5.18) was used to find the 
best k values. MATLAB 4.6 was used as the mathematical tool. Figure 5.10 and Table 
5.4 show the results of above kinetic modelling.  
The first observation from Figure 5.10 is that, at very low contact time (5 min), the 
observed survival ratio is lower than the model-predicted survival ratio. Reason can be 
the initial killing inside the electrochemical disinfection reactor. However, the ESS 
values are low in both cases (Table 5.4). On the other hand, as can be seen in Table 5.4, 
the reaction rate constant (k) decreases at higher initial population. This behavior is 
consistent with the kinetics of E. coli disinfection of this study and can be explained 
using the faster decay of chlorine at high initial population of bacteria (Jeong et al., 
2006).    
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 103 CFU/100ml- observed
 2X103 CFU/100ml- observed
 103 CFU/100ml- calculated
 2×103 CFU/100ml- calculated
 
Figure 5.10: Kinetic modeling: comparison of observed survival ratios with calculated 
survival ratios (using model) vs. contact time. Specific surface area of electrode (based 
on anode) = 13.34 m2/m3 of reactor volume. 
 
  




Initial E. faecalis concentration (CFU/100ml)  
103  2×103  
k 0.6814 0.4460 




The above speculation can be justified using the obtained data for total chlorine 
decay at different initial concentrations of E. faecalis. Observed and calculated chlorine 
decay is illustrated in Figure 5.11 and the model parameters are shown in Table 5.5.      
 127



















 Without E.faecalis, observed 
 103 CFU/100 ml, observed
 2X103 CFU/100 ml, observed
 Without E. faecalis, calculated
 103 CFU/100 ml, calculated
 2×103 CFU/100 ml, calculated
 
Figure 5.11: Observed and calculated (model-predicted) chlorine decay at different 
initial concentrations of E. faecalis. 
 
According to the Figure 5.11 and Table 5.5, it is clear that the chlorine decay is 
faster as the initial concentration of E. faecalis is increased. This is due to the increased 
chlorine demand at high initial concentrations of bacteria. Therefore, the 
abovementioned speculation regarding the connection between lower killing rate and 
high chlorine decay at high initial concentration of E. faecalis is justified. 
 
 
Table 5.5: Parameters of chlorine decay modeling at different initial concentrations of E. 
faecalis  
 
Initial E. faecalis concentration (CFU/100ml)  
0 103  2×103  
y0 1.74 1.55 1.29 
A1 1.14 1.26 1.55 
t1 7.65 7.37 8.58 






 Chapter 5 shows that the changes in initial bacterial populations attributed to a 
change in kinetic constant which may be due to the effects on disinfectant demand. The 

























DEVELOPMENT AND CHARACTERIZATION OF ELECTRODES FOR 
ELECTROCHEMICAL DISINFECTION 
 
Electrode material, particularly the anode material, is one of the most important 
factors which determine the efficacy of electrochemical disinfection. In the current 
study, production of chlorine at lower energy consumption is the major factor to be 
improved, as the electrolysis is carried out in seawater environments. Further, 
electrodes should last long, so that the maintenance of the disinfection system is easy 
and cost-effective. Considering the above facts, an anode was developed and utilized in 
the electrochemical disinfection effectively. This chapter covers the work related to the 
development and characterization of the anode material.   
 
6.1. Preliminary work on electrode material selection 
The following discussion reveals the preliminary work which was done to 
identifying suitable candidates for anode.  
 
6.1.1. Iron plates 
Iron plate electrodes were tested for the efficiency in chlorine production from 
seawater electrolyte. Each iron plate was 5 cm × 10 cm in dimensions and contained 
few voids to facilitate the seawater flow. Forty plates (20 anodes and 20 cathodes) were 
installed in the developed reactor (discussed under Chapter 4). The experiments were 
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conducted at different levels of currents, while the HRT was fixed at 30 s. Table 6.1 
shows the results of the tests.  
 
Table 6.1: Production of chlorine using iron plate electrodes 
Current/A Voltage/V Total chlorine, mg/L 
0.5 0.63 0 
1.0 1.02 0 
2.0 1.58 0 
3.0 2.00 0 
4.0 2.39 0 
5.0 2.74 0 
 
According to the Table 6.1 it can be said that the current efficiency in chlorine 
production is virtually zero if iron is used as anode. The other major drawback of the 
iron in electrochemical reactor is illustrated in the Figure 6.1 (a) and (b). Severe 
corrosion of electrodes was found in the seawater environment. Therefore, it can be said 
that, although the material cost is considerably low, iron cannot be used as electrodes in 
the electrochemical reactor in BW treatment.  




Figure 6.1: Corrosion of iron electrodes in electrochemical reactor (a) Before use in 
electrolysis (b) After use for electrolysis 
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6.1.2. Stainless steel plates 
Considering the fact that stainless steel has a higher conductivity and is effective in 
corrosion protection, stainless steel (Grade 304) was investigated for the chlorine 
production. A beaker with 500 ml of seawater was used as the reactor. Same material 
was used as both anode and cathode. Dimensions of the electrodes in use were 4 cm × 
6.3 cm (one anode and one cathode). After a contact time of 5 min, chlorine 
concentrations were investigated. Table 6.2 shows the findings. 
Table 6.2: Production of chlorine using stainless steel plate electrodes 
Current, A Voltage, V Total chlorine, mg/L 
0.1 1.62 0.1 
0.2 1.78 0.15 
       
As shown in Table 6.2, only 0.15 mg/L of total chlorine can be produced after a 
contact time of 5 min. It should be noted that the reactor with Ti mesh electrodes 
produces about 1 mg/L of total chlorine at HRT of 30 s. Therefore, use of stainless steel 
plates will not be economical in the electrochemical disinfection.    
 
6.1.3. Titanium plates 
Titanium plate electrodes were tested for the production of chlorine in order to 
investigate whether there is any effect due to the configuration of the electrode. Ti 
plates were installed in the developed reactor (discussed under Chapter 4) for the 
experiments. HRT was fixed at 30 s. Results obtained from this setup are illustrated in 
Table 6.3.    
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Table 6.3: Production of chlorine using Ti plate electrodes 
Current, A Voltage, V Total chlorine, mg/L 
1 13.4 0.03 
2 14 0.03 
3 14.1 0.06 
4 15.8 0.06 
6 16.5 0.07 
 
As shown in Table 6.3, total chlorine production is considerably low when the Ti 
plates were used. On the other hand, voltages required to apply current are undesirably 
high. Thus, the energy consumptions related to the above conditions are not acceptable. 
Limitations in mass transfer can be the reason behind this low chlorine production, 
compared to the mesh configuration of the same material (Xu et al., 2008). Despite the 
corrosion resistant properties of Ti, anodes are damaged due to the extremely high 
voltages (see Figure 6.2).       
 
       
(b) (a) 
 
Figure 6.2: Damages to the Ti anode during electrolysis (a) Before use (b) After use) 
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6.1.4. Comparison between Ti mesh electrode used in developed reactor and 
commercial Ti mesh electrode coated with RuO2 as one of the components 
According to the discussion in Chapter 4, Ti mesh is capable of producing enough 
chlorine and disinfect E. coli and E. faecalis successfully. Nevertheless, one of the 
major operational problems associated with the use of Ti mesh in long-run was 
identified during continuous usage of Ti mesh electrode. Anode is dissolved in seawater 
electrolyte after two days of continuous operation at 0.04 A (see Figure 6.3). Therefore, 
electrode life can be a major limiting factor in real application.         
Dimensionally stable anodes (DSA), which are prepared by coating metal oxide(s) 
of noble metal(s) on to a substrate (usually Ti) are known to be stable in electrochemical 
operation. Besides, their electrocatalytic properties are important in electrochemical 
treatment processes (Santana and Faria, 2006). Metal oxide to be coated should be 
carefully selected according to the application. RuO2 metal oxide is one of the known 
oxides which are good at chlorine evolution and stable in chlorine evolution reaction 
(Chen, 2004). 
    
(a)  (b) 









Therefore, a commercial electrode with RuO2 as one of the coating material was 
investigated. The surface composition of commercial electrode was determined by 
energy dispersive spectrometer (EDX) and shown in Table 6.4. Commercial electrodes 
were used as both anode and cathode in a batch reactor and continuously operated for 8 
days at 0.04 A in seawater. No visual damages were observed at the end of the operation. 
Moreover, the operating voltage did not change significantly during the investigation, 
suggesting the electrode is very stable in electrolysis of seawater (Figure 6.4). The 
slight increment in the voltage was found to be a result of the deposition of Mg(OH)2 on 
the cathode, through scanning electron microscopy (SEM) and EDX study (Figure 6.5 
(b)). 
Table 6.4: Surface composition of commercial electrode 
Element Weight% Atomic% 
O 57.92 84.21 
Ti 23.70 11.51 
Zr 2.12 0.54 
Ru 16.26 3.74 
 













C on tac t tim e, h r
 
Figure 6.4: Variation in voltage during the 8 days of continuous operation 
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Other than the anode and cathode, two other electrodes were investigated. One 
electrode was dipped in the seawater without applying any current. The second electrode 
(control) was kept in the room environment. Scanning electron microscope (SEM) was 
used to take images of anode, cathode, electrode dipped in seawater and control 
electrode. The images are shown in Figure 6.5 (a)-(d). According to the images, we can 
see that the anode after use improved its microstructure compared to the control. At the 
same time, surfaces of the cathode and the electrode which was dipped inside the 
seawater are covered with depositions. However, only the cathode contained a 
deposition which can be seen by the naked eye. This is due to the increased amount of 
Mg(OH)2 deposited on the cathode due to electrode reactions.   





Figure 6.5: SEM images of the commercial electrodes. (a) anode used for 8 days, (b) 
cathode used for 8 days, (c) dipped in seawater for 8 days, (d) control 
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 Figure 6.6 shows the chlorine production before and after using the electrodes for 8 
days. After the test, two runs were done with and without cleaning the deposits on the 
cathode. No much difference was observed between these two. Therefore, it can be said 
that the deposition on cathode is not seriously affecting the system performance. 
However, polarity switching can be used against the deposition on the cathode, as 
practiced in the pilot scale study. Interestingly, comparison between before and after the 
long-term usage shows that the chlorine production has increased after the usage. This 
can be due to the removal of impurities and improvement of the micro structure (see 
Figure 6.5 (a) and (d)). However, it should be noted that this behavior will not be valid 
for an “infinite” usage of the electrodes, as the failure of surface coating may occur after 
use for a longer duration. 
























 After use- uncleaned cathode
 After use- Cleaned cathode
 
Figure 6.6: Total chlorine production of the electrodes before and after the long-term 
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usage. Batch volume= 1.6 L, Applied current= 0.1 A, Specific surface area of electrode 
(based on anode) = 3.125 m2/m3 of seawater. 
According to the above discussion, it is clear that the noble metal oxide coated 
electrode is effective and stable compared to the other electrodes. To begin with, it was 
decided to develop, characterize, and utilize electrodes with RuO2 as the coating 
material on Ti mesh substrate.  
 
6.2. Development, characterization, and utilization of RuO2 coated Ti mesh anode 
Following the method explained in Chapter 3, anodes were prepared using sols aged 
for five different durations; 3 h, 6 h, 18 h, 24 h, and 30 h. These electrodes were 
analyzed using SEM/EDX, cyclic voltammetry, accelerated life time test, open circuit 
potential, current efficiency in chlorine generation, and VA computrace. The electrode 
with best performances was selected and used in disinfection of E. coli.    
 
6.2.1. SEM/EDX analysis of prepared electrodes 
Prepared electrodes were imaged using SEM (Figure 6.7) and surface composition 
was determined using EDX (Table 6.5).  
As can be seen in Figure 6.7, major structural change occurred after aging time of 6 
h. When the aging time was 3 h, surface morphology was the conventional “mud-cake” 
structure (Figure 6.7 (a)). This may be due to the incomplete sol formation and drafting 
through thermal deposition. After 6 h of sol aging time, no major morphological 
changes can be seen from the SEM images. 
EDX analysis was carried out to see the surface components of each electrode and 
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the results are illustrated in Table 6.5. Ti substrate (after pretreatment) contained Ti only. 
When it comes to the prepared electrodes, it is clear that Ru is successfully drafted on to 
the substrate. Other than that, high oxygen amount can be seen. This may be due to the 
production of RuO2 and TiO2 during the calcination process. Drafted Ru amount is 
almost the same in each electrode. Some impurities were found in the surface. Fe may 
be due to the use of a grip made of Fe-based material during the coating process. Cl can 
be there as the precursor used was RuCl3.  
     
(a) (b) 
     
(c) (d) 
     
(e) (f) 
 
Figure 6.7: SEM images of Ti mesh coated with RuO2 sols aged for different durations 
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(a) 3 h (b) 6 h (c) 18 h (d) 24 h (e) 30 h (f) uncoated substrate 
 
 
Table 6.5: Surface elemental analysis of prepared anodes using EDX 
Element 

























3 43.21 13.68 6.50 4.34 36.84 73.66 11.58 6.63 1.87 1.69 
6 41.80 11.07 4.49 2.51 50.86 85.06 2.85 1.36 - - 
18 39.86 12.13 16.76 10.77 38.51 74.05 3.71 2.04 1.16 1.01 
24 47.85 14.94 7.59 5.00 38.60 76.14 4.26 2.41 1.70 1.51 
30 46.53 13.51 11.56 9.83 40.35 75.24 - - 1.56 1.52 
Substrate - - 100 100 - - - - - - 
 
  
6.2.2. Cyclic voltammetry analysis of prepared electrodes 
Cyclic voltammetry was carried out to compare the electro-active surface area of 
electrodes. The anodic charge is a measure of the electro-active area of electrodes 
(Terezo and Pereira, 2002). As shown in Figure 6.8 (a) – (f), it can be seen that the 
electro-active surface area is improved compared to the substrate. The quantification is 
shown in Figure 6.9. Anodic charge related to the substrate was only 0.00726 mC. It 
increased to 49.32 mC for the aging time of 24 h. However, it reduced back to 2.01 mC 
when the aging time was increased to 30 h. Therefore, it can be said that the anodic 
charge increased with increasing aging time until 24 h, and then reduced again.  
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Figure 6.8: Cyclic voltammograms of electrodes prepared with different sol aging times 
(a) 3 h (b)6 h (c) 18 h (d) 24 h (e) 30 h (f) Substrate. Experimental conditions: Scan 
rate= 0.1 V/s, Scan range = 0.2 V-1.1 V, Electrolyte= 0.5 M H2SO4, Geometrical area of 






















Figure 6.9: Anodic charge of electrodes vs. aging time of sols used to prepare electrodes 
 
Similar trend in total, inner, and outer electrode surfaces were reported by Panic et 
al., (2000). However, the aging time to obtain the maximum electro-active surface area 
was 40 h. Although the similar methodology was used in coating, differences such as 
substrate morphology and sol preparation conditions (e.g. temperature, stirring speed or 
oxygen transfer mechanism) may have attributed the changes. Changes in sol 
preparation conditions can differs the properties of sols and in turn affect the properties 
of coating. Thus, it is worthy to note that these findings cannot be generalized to 
another different substrate material/morphology or if the preparation conditions of sol 
solution is changed.  
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 6.2.3. Chlorine production at constant current  
Prepared electrodes were tested for chlorine production. Seawater was used as the 
electrolyte as our major focus is to disinfect organisms from seawater. Experiments 
were conducted at a fixed current of 0.1 A, and the volume of seawater was 50 ml for 
each experiment. Geometrical area of the anode dipped in the electrolyte was 2.75 cm2. 
Each reaction was in batch reactor mode and fresh batch was used for different contact 
times. Results are shown in Figure 6.10. It was first found that the substrate is not 
producing any chlorine under the above experimental conditions. 

























Figure 6.10: Total chlorine concentration produced at electrodes prepared with sols 
aged for different duration vs. contact time. Specific surface area of electrode (based on 
anode) = 5.5 m2/m3 of seawater. 
 
 
As shown in Figure 6.10, it seems that the chlorine production is slightly changing 
from electrode to electrode, when the operational current is the same. Chlorine 
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production at electrodes was found to be linearly related to the contact time. The 
parameters related to the fitting are shown in Table 6.3. As can be seen in the Table, the 
performance of electrodes in chlorine production can be explained as below. Chlorine 
production increased with increasing aging time of sols until 18 h. Then, the production 
of chlorine dropped with aging time.  
 
Table 6.6: Parameters of linear relationship between chlorine production and contact 
time for different electrodes. Specific surface area of electrode (based on anode) = 5.5 
m2/m3 of seawater. 
 
y = mx* Aging time of sols, h m R2
3 0.4986 0.9955 
6 0.5287 0.9526 
18 0.5714 0.9947 
24 0.5176 0.9908 
30 0.5136 0.9814 
Commercial 0.5096 0.9829 
 
* Where y= total chlorine concentration, x= contact time 
 
The electrode with best performance so far (electrode prepared with 18 h aged sols) 
was compared with the commercial electrode explained under section 6.1.4. Results are 
shown in Figure 6.11 and Table 6.6. These results suggest that the prepared electrode 
outperforms the commercial electrode. Lower amount of Ru on the surface of 
commercial electrode may be one of the reasons behind this behavior. 
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Figure 6.11: Comparison between prepared electrode (with 18 h aged sols) and 
commercial electrode in chlorine production. Specific surface area of electrode (based 
on anode) = 5.5 m2/m3 of seawater. 
  
Current efficiency of the prepared electrodes in chlorine generation was 
investigated as it is a better parameter to compare between the electrodes. The term 
current efficiency explains the efficiency of utilization of current in desired reaction. In 
this case, it is the chlorine production. Thus, it is needed to define the bench mark, i.e. 
the theoretical chlorine concentration related to the applied current.  
A 
 
chemical change is occurred due to the flow of electrons in the external circuit. An 
Avogadro’s number of electrons should pass through the circuit to bring about an 
equivalent of chemical change at electrode. This quantity of electrons is called the 
Faraday (F). 
• F = One Ampere of current flow for 96,485 seconds 
• As Ampere is coulombs per second; 1 F = 96,485 coulombs 
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• If 100% of the applied current is utilized for the chlorine production at 
anode; 
Current pass = X ampere 
Duration = Y seconds 
Amount of coulombs = X*Y coulombs 
Therefore; 
Equivalent of chemical change taking place = (X*Y)/96,485 = A 
Equivalent weight off chlorine = 35.5 g 
Thus, Chlorine formed = A*35.5 g                          
 




tIproductionchlorinelTheoritica ×=  
 
Where; 
I= applied current, A 
t= contact time, s 
F= Faraday constant, 96485 C 
V= batch volume, L (Sawyer et al., 2003) 
 
The slope of a plot of experimental chlorine production vs. the theoretical value will 
give the current efficiency value. Plots of experimental chlorine production vs. the 
theoretical chlorine production for prepared electrodes are shown in Figure 6.12. 
Analysis of the plots for current efficiency is shown in Table 6.7.  It can be seen that the 
current efficiency increased from 67.83% to 77.75% when the aging time of sols 
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increased from 3 h to 18 h. High current efficiency (77.75%) in chlorine generation at 
the anode prepared with 18 h aged sols indirectly shows that the generation of O2 is 
minimized in the developed anode. Then, it reduced back to 69.88% at an aging time of 
30 h.     

































Figure 6.12: Experimental chlorine production vs. theoretical chlorine production 
 
Table 6.7: Linear relationship between experimental and theoretical chlorine 
productions for prepared electrodes and related current efficiency (m) values 
 
 
y = mx* Aging time of sols, h m R2
3 0.6783 0.9955 
6 0.7194 0.9526 
18 0.7775 0.9947 
24 0.7042 0.9908 
30 0.6988 0.9814 
* Where y= experimental total chlorine production, x= theoretical total chlorine 
production, m= current efficiency 
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 6.2.4. Chlorine production at constant voltage 
According to the discussion under the section 6.2.3, one major question was “why 
the chlorine production is high at 18 h aged sols, while the highest electro-active area is 
related to 24h”. It was suspected that, when the electrodes are operated at constant 
current, the possible variations in voltage may have attributed to the chlorine production. 
Therefore, it was decided to conduct an experiment at constant voltage and compare the 
chlorine production. Experiments were carried out in three-electrode cell and the 
procedure is explained in section 3.5.2 (Chapter 3).  
Output current during the electrolysis time of 5 min was observed and the results are 
shown in Figure 6.13 (a). For all five electrodes, starting current was high and then 
dropped to a stable value within 10 s. This can be due to the rearrangements of 
oxide-solution interface (Correa-Lozano et al., 1996). The average current was 
calculated based on all data points, as well as avoiding the first 10 s. These two 
averages vs. the aging time of sols are illustrated in Figure 6. 13 (b). It seems that the 
both averages follow the same trend with aging time. Current output increased with 
increasing the sol aging time up to 24 h. For example, the average current considering 
all data points was increased from 8.82×10-2 mA to 6.64 mA when the aging time of 
sols increased from 3 h to 24 h. Then, it reduced back very fast. The average current (of 
all data points) dropped to 1.14 mA when the aging time was 30 h.  
This variation in output current follows the anodic charge related to the sols aging 
time. It is worthy to remind that the anodic charge increased with sol aging time until 24 
h, and dropped after that. Therefore, the plot of average current vs. anodic charge shows 
that the average current increased with increasing the anodic charge (Figure 6.13 (c)). 
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This result suggests that the higher anodic charge, i.e. higher electro-active surface area, 
is able to produce higher current at the same voltage.     
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Figure 6.13: Output current at constant voltage for prepared electrodes (a) current vs. 
time (b) average current vs. aging time of sols (c) average current vs. anodic charge. 
Specific surface area of electrode (based on anode) = 5.5 m2/m3 of seawater. 
 
Total chlorine concentration was measured at the end of 5 min electrolysis time. 
Total chlorine concentration vs. aging time of sols is shown in Figure 6.14 (a). 
Surprisingly, chlorine production at constant voltage follows the same trend as observed 
in constant current experiments. As can be seen from Figure 6.14 (a), the total chlorine 
concentration increased up to 18 h aging time and then dropped at higher aging times 
than that. The plot of total chlorine concentration vs. anodic charge further elaborates 
the above findings (Figure 6.14 (b)).  
Comparing the results shown in Figures 6.13 and 6.14, one important finding was 
made. When electrodes were operated at the same voltage, anodes with high anodic 
charge (i.e. high electro-active area) produce more current compared to anodes with low 
anodic charge. But, it does not guarantee that the chlorine production is increased even 
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the output current is high. However, the reason why it is happening so is still unclear. 
Further, the question “why low anodic charge is found at anodes prepared with sols 
aged for very short or very long durations” is yet to be resolved. These questions will be 
answered in the following sections of this chapter.    







































Figure 6.14: Total chlorine production at constant voltage (a) Total chlorine 
concentration vs. aging time of sols (b) Total chlorine concentration vs. anodic charge. 






6.2.5. Accelerated lifetime of electrodes 
RuO2 is usually stable in chlorine evolution reaction. Therefore, if the comparison 
of lifetime is conducted in an electrolyte which favors the chlorine evolution reaction, 
the experimental duration per electrode can be as high as few thousand hours. On the 
other hand, RuO2 coating is under stress if the oxygen evolution reaction is promoted 
(Chen, 2004). Further, higher current densities can lower the electrode coating lifetime. 
Sudden increment in voltage shows the failure of coating layer. Lifetime test based in 
these facts is known as the accelerated lifetime test. Thus, the electrolyte used for the 
accelerated lifetime test was 0.5 M H2SO4 (Pilla et al., 1997). Current density for tests 
was 350 mA/cm2, while the current density at actual operation can be about 30-40 
mA/cm2.  
Change in voltage with respect to the voltage at time zero (V-V0) is plotted against 
time in Figure 6.15. It is clear that after a certain time period, V-V0 increased rapidly. 
The electrode lifetime was calculated as the time which V-V0 = 2 V. Lifetimes obtained 
for all 5 electrodes are listed in Table 6.5. The maximum lifetime was found as 140.8 
min, and the related electrode was prepared with 18 h aged sols. Lifetime increased 
with aging time, until 18 h and then started dropping. This observation followed the 
same trend as total chlorine production. On the other hand, highest lifespan was not 
found at the electrode prepared with 24 h aged sols, which showed the highest 
electro-active area. Considering these facts, it can be speculated that the drop in lifetime 
(i.e. inactivation/detachment of coating layer) has some relationship with the lower 
chlorine production. Further studies were done to understand this fact and will be 
discussed in the subsequent sections of this chapter.  
Further on Table 6.8, lifetime of prepared electrodes ranged between 11 min- 140 
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min. Lifetime is higher than 1 h for each electrode, except the electrode prepared with 
sols aged only for 3 h. Mattos-Costa et al. (1998) reported that the lifetime of RuO2 
coated Ti plates as 0.5 h. Experiment was done in 30% H2SO4 (80 0C) at a current 
density of 700 mA/cm2. However, adding Sb2O5 and SnO2 to RuO2 increased the 
lifetime to about 300 h while the electrolyte was 3M H2SO4 and current density was 500 
mA/cm2 (Chen and Chen, 2005). Addition of supporting oxides increases the lifetime of 
electrodes. Although the major concern of this study is to produce chlorine from 
seawater, it will be beneficial if the electrode is capable of working under low chloride 
environments (note that low salinity or fresh water ballast are existing). Therefore, 
introduction of more oxides to the prepared electrode is recommended to be tried in 
future studies.                


















Fig. 6.15: Change in voltage with respect to the initial voltage vs. time 
(V= voltage at time t, V0= voltage at time zero) 
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Table 6.8: Life time of electrodes at accelerated lifetime tests  








6.2.6. Open circuit potential 
Open circuit potential (OCP) of electrodes was studied in seawater electrolyte. 
According to Figure 6.16 (a), the first observation is every electrode has gone through a 
decrease in OCP and then stabilized. Detachment in coating layer during the startup can 
be the reason behind this OCP reduction. However, compared to the substrate, the OCP 
values are substantially higher for every coated electrode. This indicates that the RuO2 
coating positively affect on the stability of electrodes in seawater environment.  
The stabilized values of OCP for each electrode are plotted vs. aging time of sols in 
Figure 6. 16 (b). It can be seen that the OCP increased with aging time up to 18 h, and 
then it starts reducing. For example, OCP at electrode prepared with 3 h aged sols was 
-74.4 mV. This value increased to 94.1 mV at 18 h. Then, the OCP dropped to 92.8 mV 
and -39.5 mV for the electrodes prepared with 24 h and 30 h aged sols, respectively. 
This finding is consistent with the finding of accelerated life time test. When the aging 
time is low, the formation of RuO2 sols may be not complete and hence the coating can 
be closer to thermal decomposition. It is known that the electrode coatings prepared 
using thermal decomposition method are less stable compared to the coating layers 
obtain using sol-gel procedure (Mattos-Costa et al., 1998). Thus, the OCP and 
accelerated lifetime of the electrode prepared with 3 h aged sols are lower compared to 
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the electrodes prepared using sols aged for longer durations. This fact is later proved 
and will be discussed in the next section. 
On the other hand, with increase in aging time, the particle size of sols can be 
increased. There should be some point where the sols are of the optimum size according 
to the morphology of the substrate. At that point, the prepared coating must show higher 
stability. For the current study, 18 h aging time is the optimum aging time found for 
stability as well as chlorine production. When the particles are further growing, due to 
cracks induced on the surface, increment in active surface area may be experienced. 
However, the stability of such a surface can be lower and coating layer detachment can 
be observed. The higher active surface area and lower stability of electrode prepared 
with 24 h aged sols implies that the coating may have higher amount of defects. In this 
situation, the actual chlorine production can be higher compared to the other coating 
layers, but some of the produced chlorine may have used in oxidation of coating layer. 
In such case, we can see a slight reduction in chlorine production as discussed under the 
sections 6.2.3 and 6.2.4. When the aging time is further increase, further growth of sols 
can reduce the active surface area as well as the stability. Due to the lower active area, 
chlorine production is lowered. This situation can be seen in the electrode prepared with 
sols aged for 30 h.  
The above facts imply that the optimum aging time of sols for the current substrate 
is 18 h. Coating layer obtained using the sols aged for this duration shows the highest 
chlorine production, highest life time under the accelerated life time test, and the 
highest OCP. On the other hand, the discussion so far shows that the maximum 
electro-active area is not the only fact to be considered when it comes to the chlorine 
generation.                  
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Figure 6.16: Open circuit potential of electrodes prepared with sols aged for different 
time intervals (a) Change of open circuit potential vs. time (b) Stabilized open circuit 







6.2.7. VA computrace study 
According to the discussion in section 6.2.6, the lower efficiency and lifetime of the 
electrode prepared with sols aged for 3 h was identified as a result of thermal 
decomposition. During the aging time of 3h, sols may not have formed and hence, the 
coating layer can be a thermally deposited layer. However, it is needed to verify this 
argument. VA computrace study aimed to find the amount of unconverted Ru(III) in the 
sol solution. This will provide a clear idea if the Ru(III) is the prominent component in 
coating solution. If Ru(III) is the major component, above speculation regarding 
thermal decomposition can be confirmed.   
The results obtained from VA computrace study are shown in Figure 6.17. 
According to the Figure, it is clear that the Ru(III) concentration after 3 h of aging time 
is not far away from the initial value. To be further precise, without aging, Ru(III) 
content in solution was 1.868 g/L. After 3 h of aging, Ru(III) concentration dropped 
only to 1.668 g/L. This finding confirmed the speculation that the lower performance of 
the electrode prepared with 3 h aged sol solution was mainly due to the thermal 
decomposition rather than a sol-gel coating.  
Moreover, the Ru(III) concentration after 18 h, 24 h, and 30 h aging times are 0.764 
g/L, 0.536 g/L, and 0.521 g/L, respectively. Compared to the solution without aged, the 
reduction in Ru(III) concentration is 59.1%, 71.3%, and 72.1% for aging times of 18 h, 
24 h, and 30h, respectively. These values suggest that the production of RuO2 sols is 
incomplete even after 30 h. If the aging time is further increased to complete the 
conversion, the lifetime can be shorter (as observed for 30 h aged sols, compared to 18 
h aged sols) due to the particle growth during aging. This fact was further proved 
through a particle size analysis. Particle sizes of 18 h and 24 h aged sols were found to 
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be 359.1 nm and 478.72 nm, respectively. This can be a major drawback of the sol-gel 
preparation procedure employed. As a result, the maximum accelerated lifetime 
obtained at the electrode prepared with sols aged for 18 h was limited to 2 h in 0.5 M 
H2SO4. If the sol-gel preparation procedure is able to convert Ru(III) to Ru(IV) during a 
short duration of time, better stability would have been observed.          
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6.2.8. Utilization of prepared electrode in long-term chlorine production 
As per above discussion, it is clear that the electrode which was prepared using sols 
aged for 18 h performed better compared to the others, both in terms of chlorine 
production as well as stability. Therefore, that electrode was used to investigate the 
chlorine production performance in a long-term run. Freshly prepared electrode was 
tested for the chlorine production at an applied current of 0.1 A in seawater electrolyte. 
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Area under operation was 2.75 cm2. Ti mesh was used as the cathode. Then the 
electrode was continuously run in 1 M NaCl electrolyte at a current density of 100 
mA/cm2 in a three electrode cell. Test was intermittently disrupted and the chlorine 
generation was tested in seawater time to time. Results of this study are illustrated in 
Figure 6.18.       



























Theoritical chlorine production, mg/L
 Fresh electrode
 Used for 16 h
 Used for 50 h
 Used for 70 h
 
Figure 6.18: Experimental chlorine production at different durations of usage vs. 
theoretical chlorine production. Specific surface area of electrode (based on anode) = 
5.5 m2/m3 of seawater. 
. 
According to Figure 6.18, chlorine production dropped after used for 16 h. The 
reduction in production of chlorine was further decreased after used for 50 h. However, 
after 70 h of operation, the chlorine production increased again. Related current 
efficiencies are shown in Figure 6.19. Current efficiency in chlorine production at 
unused electrode was 77.75%. After used for 16 h and 50 h, the efficiency dropped to 
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61.98% and 42.74 %, respectively. Then, after 70 h of continuous usage, the current 
efficiency increased back to 65.71 %.  
The above behavior can be explained as follows. The outer coating layer can be 
passivated during the continuous usage. Therefore, a reduction in current efficiency was 
seen after 16 h and 50 h. Subsequently, the outer coating layer may have detached and 
the next layer may have started the production of chlorine. It should be noted that the 
coating preparation was a layer-by-layer process. However, this type of variation in 
chlorine production may create problems at actual operation. For example, if the 
chlorine production is regulated through applied current, after certain duration the 
expected chlorine concentration may not be there anymore. Nonetheless, note that the 
actual current density during the operation is about 3 times lower than the current 
density used in the continuous operation in this study. Thus, reduction in efficiency will 
not occur after 16 h of continuous operation. Yet, more concern should be paid to lower 
down the passivation of coating layer during the future coating layer preparations.         


















Figure 6.19: Current efficiency in chlorine production after used for different durations 
 
6.2.9. Utilization of prepared electrode in disinfection 
The electrode prepared using the sols aged for 18 h was selected as the best 
electrode in terms of disinfectants production as well as stability. Selected electrode was 
used to check the performance in disinfection.  
Batch volume of the seawater electrolyte per each test was 500 ml and the target 
organism was E. coli. Applied current was 0.04 A while the area of anode was 2.75 cm2. 
Ti mesh was used as the cathode. Results of the disinfection study are illustrated in the 
Figure 6.20 (a), (b), and (c).  
As can be seen in Figure 6.20 (a), more than 99% reduction of E. coli was observed 
at a contact time of 30 s. When the contact time was increased to 60 s, a 4 log reduction 
was observed. Final E. coli concentration drops from an initial value of 1.13 × 106 
CFU/100ml to < 100 CFU/100 ml at the end of 60 s of contact time (Figure 6.20 (b)). 
IMO regulation was achieved by 60 s. As shown in Figure 6.20 (c), total residual 
chlorine concentration was found to be 1.27 mg/L at the end of 60 s of contact duration. 
Energy consumption to achieve this target was 0.0047 kWh/m3. Anode area used per 
unit volume of seawater was 0.55 m2/m3. These facts reveal that the prepared electrode 
is efficient in disinfection. Detailed study comparing the disinfection performance and 
mechanism of disinfection of coated and uncoated electrodes is presented in the 
Chapter 7.   
Findings of this chapter reveal that the electrochemically active surface area is not 
the only measure enhancing the generation of disinfectants. Optimized electrode with 
high current efficiency in chlorine generation makes sure the energy efficiency of the 
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developed electrode.   







































































Figure 6.20: Disinfection of E. coli using prepared RuO2 coated anode in seawater 
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electrolyte (a) Disinfection efficiency vs. contact time (b) Final E. coli concentration vs. 
contact time (c) Total residual chlorine concentration vs. contact time. Specific surface 




























GENERATION OF DISINFECTANTS USING RuO2 COATED AND 
UNCOATED Ti MESH (BENCH SCALE) ANODES AND DISINFECTION 
BEHAVIOR 
 
Preparation of the RuO2 coated Ti mesh anode and characterization was discussed 
in Chapter 6. Anode prepared using sols aged for 18 h was found to be the best 
electrode in terms of its stability and production of chlorine. In this Chapter, coated 
anode (prepared using 18 h aged sols) is compared with the Ti mesh electrode used in 
the bench scale reactor for production of disinfectants and disinfection behavior in 
different electrolyte solutions.   
 
7.1. Properties of the RuO2 coated Ti mesh and Ti mesh used in bench scale study   
Surface morphology of the RuO2 coated Ti mesh and Ti mesh used in bench scale 
(“Ti mesh” from this point onwards) are shown in Figure 7.1. As can be seen in Figure 
7.1 (b), surface of the Ti mesh is cracked; while the surface of RuO2 coated Ti mesh is 
not (Figure 7.1. (a)).   
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Figure 7.1: SEM micrographs of anode surfaces (a) RuO2 coated Ti mesh (coated with 
18 h aged sols) (b) Ti mesh used in bench scale study 
 
Table 7.1 shows the surface composition of anodes under evaluation. Major 
difference between the surface compositions was the presence of Ru and high amount 




Table 7.1: Surface elemental analysis of electrodes using EDX 
  
Element 








































For all the experiments, similar geometrical area (2.75 cm2) of two anodes was used. 
However, the electro-active area of the two electrodes may not be the same. In order to 
investigate the electro-active area of the two electrodes with same geometrical area, 
cyclic voltammetry was conducted. Experimental conditions were; scan rate= 0.1 V/s, 
scan range = 0.2 V-1.1 V, electrolyte= 0.5 M H2SO4, geometrical area of electrodes= 
2.75 cm2, counter electrode= Ti mesh, reference electrode= Ag/AgCl. Results of this 
experiment are shown in Figure 7.2. As explained earlier in Chapter 6, anodic charge is 
a measure of electro-active area. It was found that the anodic charge of RuO2 coated Ti 
mesh anode was 20.39 mC and that of the Ti mesh was 33.4 mC. Above values suggest 
that the electro-active area of uncoated Ti mesh is 38.95% larger than that of the RuO2 
coated Ti mesh anode. This fact may be related to the surface morphology of two 
anodes, which was explained earlier in this section. Cracked surface structure of Ti 
mesh may have contributed to the increased electrochemically active surface area, 
despite the similar geometrical area of the anodes under investigation.         
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 RuO2 coated Ti mesh
 Ti mesh- bench scale
 
Figure 7.2: Cyclic voltammograms of RuO2 coated anode and Ti mesh anode used in 
bench scale study. Experimental conditions: Scan rate= 0.1 V/s, Scan range = 0.2 V-1.1 
V, Electrolyte= 0.5 M H2SO4, Geometrical area of electrodes= 2.75 cm2, Counter 
electrode= Ti mesh, Reference electrode= Ag/AgCl. 
 
  
7.2. Disinfection performance in seawater electrolyte- role of electrochemically 
generated chlorine 
Disinfection efficiency of two anodes was compared in seawater electrolyte in a 
batch reactor of 200 ml volume. Geometrical area of the anodes was kept similar to 
each other. Results are illustrated in Figure 7.3. Apparently, insignificant difference was 
observed in disinfection efficiency when use RuO2 coated Ti mesh and Ti mesh, when 
the electrolyte was seawater (Figure 7.3 (a)). For example, at a contact time of 30 s, 
disinfection efficiencies were 100% and 99.84% for RuO2 coated Ti mesh and Ti mesh, 
respectively. However, it is worthy to note that electrochemically active surface area of 
Ti mesh anode is larger than that of RuO2 coated Ti mesh anode. Therefore, the actual 
surface area in-operation is higher at Ti mesh anode. Normalized (over actual 
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active-surface area) chlorine concentration values for Ti mesh can be far below the 
corresponding normalized values for RuO2 coated Ti mesh anode. Thus, the activity of 
RuO2 coated Ti mesh is high in seawater than that of Ti mesh anode. In seawater, the 
chloride ion is abundant (16,000 mg/L – 19,000 mg/L) and hence no mass transfer 
limitation is expected. Therefore, the electrochemical generation of chlorine is obvious. 
Hence, the high chlorine production at RuO2 coated Ti mesh is due to the catalytic 
effect of coating layer on generation of chlorine. According to our findings in Chapter 4, 
if the chlorine concentration is 1 mg/L and HRT is 30 s, 4 log disinfection can be 
achieved. In this investigation, total residual chlorine concentration at a contact time of 
30 s was 2.32 mg/L at RuO2 coated electrode and 1.99 mg/L at Ti mesh electrode. 
Therefore, the results of this study are comparable with our early findings. The slight 
changes can be due to the difference in reactor configuration and electrode surface area 
to volume ratio. 
Moreover, there was a slight reduction in energy consumption if the RuO2 coated Ti 
mesh was used (Figure 7.3 (b)-(c)). For example, at 120 s, RuO2 coated Ti mesh 
produced 8.92 mg/L of chlorine and corresponding energy consumption was 0.032 
kWh/m3. At the similar contact time, Ti mesh produced 8.78 mg/L of chlorine and the 
energy consumption was 0.039 kWh/m3. Therefore, when the RuO2 coated Ti mesh is 
used, energy consumption for production of 1 mg/L of chlorine can be reduced by 
19.5%. Thus, for the application in BW treatment where the water volume to be treated 
can be as high as 50,000 m3 – 100,000 m3, amount of energy that can be saved using 
RuO2 coated Ti mesh anode can be extensive. In addition, when the effect of 
electro-active surface area is introduced, the actual reduction in energy per unit surface 
area is considerably high at RuO2 coated Ti mesh.                           
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 Ti mesh- bench scale
 
Figure 7.3: Disinfection performance of anodes in seawater electrolyte. a) Disinfection 
efficiency vs. contact time, b) Energy consumption vs. contact time, c) Total residual 
chlorine concentration vs. energy consumption. Experimental conditions: Electrolyte= 
seawater, batch volume per test= 200ml, applied current= 0.04 A, anode area= 2.75 cm2, 
cathode= Ti mesh, initial E. coli concentration~ 106 CFU/100ml, specific surface area 
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of electrode (based on anode) = 1.375 m2/m3 of seawater. 
 
7.3. Disinfection study in Na3PO4 electrolyte- effect of chloride free solution 
7.3.1. Efficiency of disinfection 
In our early studies using the designed bench scale flow-through reactor with Ti 
mesh electrode (Chapter 5) it was found that the major mechanism of disinfection in 
seawater electrolyte was electro-chlorination. However, it should be noted that, in that 
study the flow-through reactor was used and after the first portion of the reactor residual 
chlorine is the only available disinfectant. In this batch reactor studies, solution contact 
with the electrodes throughout the reaction time and possibilities of effect of oxidants 
other than chlorine can be enhanced. Moreover, this study aimed to identify the other 
disinfectants produced using the two anodes under investigation. Na3PO4 was selected 
as the chloride-free electrolyte. Conductivity and pH of the Na3PO4 electrolyte was 
adjusted to that of seawater (i.e. conductivity = 50-52 mS/cm, pH= 8.2-8.3), in order to 
avoid the confusions due to the limitations in conductivity and pH of the solution. 
H2SO4 (95-98 %) was used to adjust the pH.           
Results of the study are demonstrated in Figure 7.4. It was found that the 
disinfection efficiency of RuO2 coated Ti mesh was higher than that of the Ti mesh 
electrode. If the contact time was increased, disinfection efficiency of RuO2 coated Ti 
mesh anode was increased while disinfection efficiency of Ti mesh anode was not 
significantly increased after 60 s (Figure 7.4 (a)). At the end of 120 s, disinfection 
efficiency of RuO2 coated Ti mesh was 96.94% and that of Ti mesh was 43.90%. Thus, 
it is clear that the efficiency of disinfection of RuO2 coated Ti mesh anode is 
significantly higher than the Ti mesh anode. However, after a contact time of 120 s, 
both systems did not reach the IMO regulation for E. coli in discharging BW (Figure 7.4 
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(b)). This fact shows that the chloride ion plays a very important role in electrochemical 
disinfection. Even after the electrolyte is in contact with the electrodes throughout 
contact time of 120 s, if chloride ion is not in the electrolyte achieving the IMO 
regulation is not possible. However, high disinfection efficiency achieved using RuO2 
coated Ti mesh anode shows the possibilities of using the novel anode in chloride free 
electrolytes. Further improvements of the RuO2 anode may enhance the disinfection 
efficiency.             
As shown in Figure 7.4 (c), energy consumption of the RuO2 coated Ti mesh anode 
is lower compared to the Ti mesh anode. This finding is comparable with the study in 
seawater electrolyte.  
The next question was the reason behind the differences in disinfection efficiencies 
when two anodes were in use. Identification of oxidants produced with two different 
electrodes was conducted to solve the above questions. Results of the study are 
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 Ti mesh- bench scale
 
Figure 7.4: Disinfection performance of anodes in Na3PO4 electrolyte. a) Disinfection 
efficiency vs. contact time, b) Final E. coli concentration vs. contact time, c) Energy 
consumption vs. contact time. Experimental conditions: Electrolyte= Na3PO4, batch 
volume per test= 200ml, applied current= 0.04 A, anode area= 2.75 cm2, cathode= Ti 
mesh, initial E. coli concentration~ 106 CFU/100ml, specific surface area of electrode 
(based on anode) = 1.375 m2/m3 of seawater. 
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7.3.2. Role of ozone 
Generation of ozone at RuO2 coated Ti mesh and Ti mesh electrodes were studied in 
both Na3PO4 and seawater electrolyte. Results of the study are sown in Figure 7.5. In 
Na3PO4 electrolyte, ozone generation was negligible at both anodes. In seawater 
electrolyte for both anodes ozone generation was almost the same. However, the 
amount produced was significantly low compared to the chlorine production at the 
same contact time. Moreover, later it was found that the indigo reagent can be slightly 
bleached by chlorine. Experiments revealed that the actual ozone concentration in the 
presence of chlorine, i.e. if the seawater electrolyte was used, was somewhat lower than 
the values shown in Figure 7.5. For example, at 30 s, actual ozone production at RuO2 
coated Ti mesh anode was 0.058 mg/L, while the direct reading (which is shown in 
Figure 7.5) was 0.097 mg/L.        
Considering above results, two comments can be made.  
i. Difference in ozone production at two anodes under investigation is 
insignificant. 
ii. Production of ozone under the conditions of this study is insignificant and thus 
the effect of ozone on electrochemical disinfection can be neglected. 
Jeong et al., (2006) reported that ozone production was insignificant in their study 
on electrochemical disinfection in KH2PO4 electrolyte using boron doped diamond film 
on a niobium substrate as anode. Therefore, that finding is comparable with the findings 
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 Na3PO4- Ti mesh- bench scale
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Figure 7.5: Generation of ozone at different anodes. Experimental conditions: 
Electrolyte= Na3PO4 or seawater, batch volume per test= 200ml, applied current= 0.04 
A, anode area= 2.75 cm2, cathode= Ti mesh, specific surface area of electrode (based on 
anode) = 1.375 m2/m3 of seawater. 
 
 
7.3.3. Role of OH• radical  
Role of OH• radical on electrochemical disinfection was studied in two ways; a) by 
qualitative detection of OH• radical, b) by disinfection studies with radical scavengers. 
For both cases, Na3PO4 (chloride free electrolyte), was used in order to avoid the 







7.3.3.1. Qualitative detection of OH• radical  
Qualitative determination of OH• radical was conducted using bleach of RNO as 
explained in section 3.3.3. Results of the study are illustrated in Figure 7.6. As can be 
seen from the Figure 7.6, bleach of RNO is high when RuO2 coated Ti mesh is used. 
Hence, it can be said that the production of OH• radical is high at RuO2 coated Ti mesh. 
Moreover, Figure 7.6 shows that there is a lag time in generation of OH• radical (i.e. no 
bleach of RNO is occurred) when Ti mesh used in the electrolysis.  
In both cases, bleach was not linearly related to the time. In order to understand the 
kinetics of OH• radical production, model was developed to explain the bleach of RNO, 
which in tern related to the rate of OH• radical production.  
Kinetics was modeled based on the following equations.    








∫∫ •−= )2.7.........(................................................................................].[][ ][ dtOHkRNORNOd  
 
It was assumed that the [OH•] concentration is a function of time; f(t), which can be 
explained as below. 
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Where “n” and “a” are constants. 
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Substituting equation 7.3 to equation 7.2 and integrating between time 0 to time t 













As k, n, and a are constants, a new constant k′ was defined as (-k.n)/(a+1).  








RNO t  
 
Constants “k′” and “a” were determined by regression analysis.  
 
RuO2 coated electrode: 
Values of “a” and “k′” were found as -0.45 and 0.0008, respectively. R2 for these two 
values was >0.98 and hence, the fitting can be considered successful. Therefore, the 
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Ti mesh electrode: 
As explained above, Ti mesh electrode showed a lag time in OH• radical generation. 
Therefore, data were modeled in two steps and R2 was found to be >0.98. Values of “a” 
and “k′” were -0.7 and 0.0041, respectively. Kinetics of RNO bleach at Ti mesh anode 





















Where, 0.0099 is the intercept of extrapolated model equation.  
 
According to the model and the experimental data, it is clear that the coated electrode is 
highly effective in hydroxyl radical production compared to the uncoated electrode. 
  




















 RuO2 coated electrode, observed
 RuO2 coated electrode, calculated
 Ti mesh- bench scale, observed
 Ti mesh- banch scale, calculated
 
Figure 7.6: Reduction of absorbance reading of RNO in Na3PO4 electrolyte. Notations: 
[ABS]t = Absorbance reading at time t, [ABS]0= Initial absorbance reading, 
Experimental conditions: Electrolyte= Na3PO4, batch volume per test= 200ml, applied 
current= 0.04 A, anode area= 2.75 cm2, cathode= Ti mesh, specific surface area of 
electrode (based on anode) = 1.375 m2/m3 of seawater. 
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7.3.3.2. Disinfection study with iso-propanol as radical scavenger 
According to the discussion so far, it is clear that OH• radical is generated in Na3PO4 
electrolyte and there can be an effect on disinfection efficiency by the generated OH• 
radicals. Next step was to find the extent of effect of produced OH• radicals on 
disinfection efficiency. In order to do that, iso-propanol, a well-known OH• radical 
scavenger was used. Prior to the tests, it was found that the used iso-propanol 
concentration did not affect the disinfection of E. coli and the amount was sufficient to 
remove the OH• radicals.    
Results of the study are shown in Figure 7.7. As shown in Figure for both anodes, 
disinfection efficiency drops after adding the radical scavenger. This finding confirms 
that there is an effect on disinfection efficiency from the generated OH• radicals. 
However, the reduction in disinfection was significantly high at RuO2 coated Ti mesh 
compared to the Ti mesh anode. For example, at 90 s, disinfection efficiency of RuO2 
coated Ti mesh electrode reduced from 81.63% to 21.74% after adding the scavenger. 
For the same contact time, reduction of disinfection efficiency was from 48.78% to 
34.78% at Ti mesh anode. Hence, the effect of OH• radicals is more prominent in RuO2 
coated anode. One of the reasons can be the higher amount of OH• radical generation. 
Moreover, at RuO2 coated Ti mesh anode, the effect of other disinfection mechanisms 
such as direct electric field can be lower.  
This speculation can be further proved using the data shown in Figure 7.7. It can be 
seen that, after adding the scavenger, disinfection efficiency of Ti mesh is higher than 
that of the RuO2 coated Ti mesh. One of the reasons can be the stronger electric field 
applied in Ti mesh electrode system due to the high voltage to produce the same amount 
of current. It should be noted that the voltage to produce to 0.04 A of current were 3.64 
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V for RuO2 coated anode and 4.84 V for Ti mesh anode (i.e. 0.8 V difference). 
Therefore, due to the lower voltage, effect of electric field in disinfection at RuO2 
coated Ti mesh anode is low and thus the effect of radical scavenger is more prominent. 
When it comes to the Ti mesh anode, voltage is higher and hence the effect of electric 
field is high. Further, the amount of OH• radical generation is lower as well. As such, 
addition of the radical scavenger only reduces the disinfection efficiency by about 
10%-15% and the strong electric field kills the bacteria. Moreover, the remainder of the 
disinfection efficiency may be due to the direct anodic reactions with E. coli.         
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Figure 7.7: Effect of OH• radical on disinfection of E. coli. Experimental conditions: 
Electrolyte= Na3PO4, Iso-propanol concentration= 0.025 M, batch volume per test= 
200ml, applied current= 0.04 A, anode area= 2.75 cm2, cathode= Ti mesh, initial E. coli 
concentration~ 106 CFU/100ml, specific surface area of electrode (based on anode) = 





7.4. Effect of salt (chloride free) on disinfection 
Purpose of this study was to identify whether there is any difference if the 
electrolyte is changed. In order to avoid confusions due to chlorine production, salts 
selected for this study were chloride free. Three salts, including Na3PO4, Na2SO4, and 
NaNO3 were used as electrolytes for this study. Conductivity and pH of the salts were 
adjusted to the values of seawater.     
First, the disinfection efficiencies were studied at two anodes; RuO2 coated Ti mesh 
and Ti mesh. Results of this study are shown in Figure 7.8 (a)-(c). Figure 7.8 (a) – (c) 
shows that the disinfection efficiency does not differ significantly with the anode in 
Na2SO4 and NaNO3 electrolytes, compared to Na3PO4. In Na2SO4 electrolyte after a 
contact time of 120 s, disinfection efficiency at RuO2 coated Ti mesh anode was 
99.82%. At the same condition, disinfection efficiency at Ti mesh electrode was 97.74%. 
Similarly, in NaNO3 electrolyte disinfection efficiencies at the end of 120 s were 
86.33% and 83.15% at RuO2 coated Ti mesh anode and at Ti mesh anode, respectively.   
In our early discussion, it was confirmed that the significant difference in 
disinfection efficiency at two electrodes in Na3PO4 electrolyte was due to the high OH• 
radical generation at RuO2 coated Ti mesh electrode. Therefore, the marginal 
differences in Na2SO4 and NaNO3 electrolytes may be due to; 
i. Less production of OH• radicals in Na2SO4 and NaNO3 at RuO2 coated anode 
ii. Production of other oxidants at both anodes in Na2SO4 and NaNO3 electrolytes        
To find the extent of disinfection due to the OH• radical generation at RuO2 coated 
Ti mesh anode in different electrolytes; a study was carried out with iso-propanol as the 
radical scavenger. Results of this study are shown in Figure 7.9 (a)-(c).  
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In Na2SO4 after 120 s of contact time, disinfection efficiencies with and without the 
radical scavenger were 58.38% and 99.82%, respectively. In NaNO3 at the end of 120 s, 
disinfection efficiencies with and without radical scavenger were 62.26% and 97.74%, 
respectively. However, at Na3PO4 electrolyte, disinfection efficiency after 120 s of 
contact time dropped from 96.94% to 31.88% after adding the radical scavenger. 
Compared to the Na3PO4 electrolyte, difference in disinfection efficiency in Na2SO4 
and NaNO3 electrolytes with and without radical scavenger are low. Thus, it can be said 
that the generation of OH• radicals in Na2SO4 and NaNO3 at RuO2 coated anode is 
lower than in Na3PO4 electrolyte. However, production of other oxidants such as S2O82- 
(redox potential = 2.1 V) during the electrolysis of Na2SO4 and NO2- (redox potential = 
0.80 V) in NaNO3 electrolyte may have attributed to the killing of E. coli (Patermarakis 
and Fountoukidis, 1990). Generation of above species may not have affected by the 
anode coating and hence the disinfection efficiencies at RuO2 coated Ti mesh anode and 
Ti mesh anode are almost the same. Therefore, it can be said that the efficiency of 
disinfection is changing according to the anionic species in the electrolyte.    
Chapter 7 shows that the developed anode outperforms both Ti mesh and 
commercial RuO2 anodes in disinfection. Developed anode effectively generates 
chlorine as well as OH• radicals. Anionic species in the electrolyte affect the 
disinfection performance due to the generation of different oxidants.                    
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Figure 7.8: Effect of salt on disinfection of E. coli. (a) In Na3PO4 (b) In Na2SO4 (c) 
NaNO3. Experimental conditions: batch volume per test= 200ml, applied current= 0.04 
A, anode area= 2.75 cm2, cathode= Ti mesh, initial E. coli concentration~ 106 
CFU/100ml, specific surface area of electrode (based on anode) = 1.375 m2/m3 of 
seawater. 
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Figure 7.9: Effect of OH• radical on disinfection of E. coli. (a) In Na3PO4 (b) In Na2SO4 
(c) NaNO3. Experimental conditions: Iso-propanol concentration= 0.025 M, batch 
volume per test= 200ml, applied current= 0.04 A, anode area= 2.75 cm2, cathode= Ti 
mesh, initial E. coli concentration~ 106 CFU/100ml, specific surface area of electrode 





CONCLUSIONS AND RECOMMONDATIONS 
 
8.1. Conclusions 
The main aim of this study was to investigate the ability of utilizing the 
electrochemical disinfection technology in BW treatment. In order to accomplish this 
main aim, firstly, an electrochemical disinfection reactor was designed, fabricated, 
optimized, and tested in laboratory and pilot scales. It was found that the designed 
reactor was successful in disinfecting two IMO regulated bacteria, E. coli and E. 
faecalis. Moreover, the optimized HRT and current for disinfection of E. coli were as 
low as 30 s and 0.3 A, respectively. These values were confirmed during the pilot scale 
studies. Thus, the energy consumption for the treatment was considerably low. 
Furthermore, the amount of residual chlorine was extremely low. The high disinfection 
efficiency at low energy consumption can be due to the plug flow reactor design 
concept. It is a well-known fact that plug flow reactors outperform completely mixed 
flow through reactors. These findings are of crucial importance in terms of practical 
application of the technology in BW treatment. On one hand, lower energy 
consumption and high disinfection efficiency are two appealing aspects to end-users. 
On the other hand, low amount of chlorine residuals may avoid possible corrosion 
problems as well as discharge issues concerning the environmental protection. 
Kinetics of disinfection in the proposed reactor system was studied based on the 
mass balance concept. It was found that the initial population of bacteria (E. coli and E. 
faecalis) affected the kinetic constants. These results suggest that the HRT/contact time 
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and/or concentration of disinfectants required achieving IMO regulation can be 
deviated according to the concentration of living organisms in BW. It is likely that 
increase in disinfectant demand at high initial populations of bacteria can be attributed 
to the differences in kinetic constants. This finding is consistent with the observations 
reported by Jeong et al. (2006). This investigation has provided a basis to select the 
operating conditions of the reactor system according to the amount of living organisms 
in BW. Moreover, this finding together with the optimization and pilot scale study can 
be directly used to scale-up the electrochemical disinfection system.   
RuO2 coated Ti mesh electrode was prepared, characterized, and tested for its 
performance successfully. It was found that the highest chlorine production was not at 
the electrode with highest electro-active surface area. Moreover, the electrode with 
highest electro-active surface area had a tendency to corrode the coating layer and thus 
life span was lower. A possible explanation is that chlorine demand in corrosion of 
coating layer may reduce the available (measurable) chlorine concentration in solution. 
High current efficiency in chlorine generation and long lifespan were found at the 
optimized electrode with RuO2 coating in seawater environment. Catalytic effect of 
RuO2 coating in chlorine generation and higher stability of the coating in chlorine 
evolution reaction than in oxygen evolution can be the reasons for this finding (Chen, 
2004). Due to the high current efficiency in chlorine generation, energy consumption in 
electrochemical disinfection reactor can be lowered. This will significantly reduce the 
operational cost. Long lifespan of the electrode will reduce the frequency of electrode 
replacement. As such, the operational and maintenance cost of the electrochemical 
disinfection reactor can be remarkably reduced.  
In order to understand the disinfection mechanism, generation of disinfectants at 
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RuO2 coated Ti mesh anode and at Ti mesh (bench scale) anode as well as the 
disinfection behavior under different conditions were studied. Firstly, it was found that 
disinfection efficiencies at similar geometrical area of two electrodes were not 
significantly different at two anodes, if the electrolyte was seawater. Abundant amount 
of chloride ions in seawater may have avoided the mass transfer limitations between 
electrode surface and electrolyte solution. However, if the electro-active area were 
considered, RuO2 electrode outperformed the uncoated Ti mesh anode. Moreover, a 
reduction in energy consumption was observed at RuO2 coated Ti mesh electrode 
compared to the Ti mesh used in bench scale reactor. This can be due to the high current 
efficiency in chlorine production at RuO2 coated Ti mesh electrode. It was also found 
that the disinfection efficiency was lower in Na3PO4 electrolyte compared to the 
seawater electrolyte. This may be due to the generation of chlorine in chloride-abundant 
seawater. Moreover, disinfection efficiency was considerably higher at RuO2 coated Ti 
mesh electrode than the disinfection efficiency at Ti mesh, if the electrolyte was Na3PO4. 
Based on the detection of OH• radicals and disinfection studies with radical scavenger, 
it can be said that in Na3PO4 electrolyte, RuO2 anode generates high amount of OH• 
radicals which has increased the disinfection efficiency. In addition, it was found that 
the electrolyte salt affected the disinfection efficiency as well. Production of different 
oxidants at different electrolytes may have attributed to the observed differences in 
disinfection efficiencies (Patermarakis and Fountoukidis, 1990). The above findings 
related to the disinfection mechanism provide a clear understanding about the possible 
disinfection mechanisms at RuO2 coated Ti mesh electrode and Ti mesh electrode used 
in bench scale study. This work enhances the overall understanding of electrochemical 
disinfection and is one of the few detailed mechanism studies in literature.   
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8.2. Recommendations   
Based on the investigations and findings of this study, further research work can be 
proposed in order to enhance the understanding and practical application of the 
electrochemical disinfection.  
z It is acknowledged that in this study only two organisms were studied out of five 
regulated species in IMO regulation, due to safety and detection limitations. The 
other three species are; 
i. Toxic Vibrio cholerae (O1 and O139) 
ii. Organisms ≥ 50 µm in minimum dimension 
iii. Organisms between 10 - 50 µm in minimum dimension  
Although it can be speculated that second and third organisms can be removed at the 
primary treatment steps (strainers) based on their size, and the first organism can be 
disinfected in the reactor based on the level of chlorine, it is important to conduct 
some tests in reliable facilities to prove the efficiency.  
z The kinetics modelling in the current study is based on the mass balance concept. 
However, it would be interesting if electrochemical modelling concepts can be used 
in kinetics. Moreover, model that explicitly account for both chlorine decay and 
microbial disinfection can be developed.  
z In the present study, electrode was developed considering enhanced chlorine 
production rather than the production of other oxidants such as free radicals and 
ozone. Although this concept was advantageous in electrolytes with chloride ion, it 
may restrict the use of electrode in chloride-free electrolytes. To address this 
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problem, future studied can be conducted to improve the generation of oxidants 
explained above, by adding binary/tertiary oxides to the electrode.  
z Although RuO2 electrode is excellent in electrolytes with chloride ion, one 
disadvantage is its lower stability in oxygen evolution. Hence, the electrode life can 
be short in chloride-free electrolytes. To avoid this issue, future studies should 
consider adding binary/tertiary oxides to the electrode surface.  
z In this study, anodes were developed and tests for the generation of chlorine. Also, 
the optimized conditions were found. However, when it comes to the practical 
application, it would be interesting to identify the chlorine generation rates. 
Detailed process modeling that focuses on predicting chlorine generation rates 
from electrochemical first principles will be an interesting study to consider for 
further research. 
z One limitation faced during this study was the lack of methodologies to detect the 
oxidants such as radicals and ozone simultaneously with chlorine generation. It 
would be interesting to pay more attention in developing novel methodologies to 
detect those oxidants in chlorinated solutions. 
z A direct extension of this work on more-detailed study on the effect of salt anion 
and salt cations on disinfection efficiency would be interesting. This type of study 
further enhances the understanding of disinfection mechanism.      
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